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ABSTRACT
Functional electrical stimulation (FES) techniques may be used to restore motor function lost or 
impaired through spinal cord injury. In order to use these techniques to restore complex tasks 
such as walking, it is necessary to provide sensory feedback to regulate the output of the FES 
controller.
It has been suggested that multi-microelectrode probes (microprobes) implanted into the 
peripheral nervous system can be used to detect signals originating from the body’s own 
sensors. These signals could be decoded and used to regulate the output of the FES controller. 
Prior to the present work, however, microprobes had prim ary  been used to study neural 
activity in the brain, not peripheral nerves.
In the present work, locust peripheral nerve has been used as an animal model for experimental 
and computer modelling work. The experimental work was directed at discerning the detail of 
information that can be obtained using microprobes to record from peripheral nerves (ie, the 
selectivity of the probes). In the computer modelling work, the effects of filtering the recorded 
signal were studied using an electrical circuit simulator programme (SPICE). Finite element 
analysis software (ANSYS) was used to model the electrical potential distribution in the nerve 
trunk, and to determine the effects of the probe substrate on the recorded signal.
The results of the experimental work indicated that it may be possible to achieve higher 
selectivity in recording with microprobes than predicted by some models. It is concluded that 
future models need to represent the situation in greater detail in order to make more realistic 
predictions regarding the practical work. This will require further data on the electrical 
properties of the structures modelled within the nerve trunk.
The SPICE modelling work successfully predicted the shape of the neural signals that would be 
recorded in the practical work. The partial differentiating effect of high pass filtering neural 
signals was also demonstrated.
The results of the finite element modelling work demonstrated that the probe substrate would be
expected to amplify signals from fibres directly in front of it, and attenuate signals from fibres 
behind it. This was shown to be significant for probe substrates with dimensions much smaller 
than the longitudinal spread of the action potential along the fibre. It was also found that these 
effects can be influenced by the position of the microprobe substrate relative to other structures 
within the nerve trunk; not just relative to the fibre.
The significance of these results as they relate to mammalian nerve is discussed. Improved 
experimentation techniques and models are outlined, based on the results of this work. These 
include the requirement for improved facilities to determine the limits of selectivity in recording 
from peripheral nerves, and also the inclusion of inhomogeneities in models of the nerve trunk 
to make more realistic predictions regarding practical work. Finally, the development of active 
probes is discussed, including requirements for particularly novel circuitry, and the integration 
of many devices into a system to control FES.
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CHAPTER 1. 
INTRODUCTION.
The nervous system is one of the principal control centres of the body. The human nervous 
system may be divided into two principal divisions; the central nervous system (CNS), and the 
peripheral nervous system (PNS). The CNS consists of the brain and spinal cord, and is the 
control centre for the entire body. The PNS consists of the various nerve processes that connect 
the CNS with sensory receptors, muscles, and glands (Tortora & Anagnostakos, 1990).
The human CNS is very complex, and has relatively little ability to repair itself when damaged. 
An example of this is the case of spinal cord injury; when the spinal cord is damaged command 
signals descending from the brain may be blocked by the damage and prevented from activating 
the appropriate response. Similarly, sensory signals originating from below the point of injury 
may be prevented from reaching the brain by the damage. The result of severe injury to the 
spinal cord is paralysis of the body below the point of injury.
Functional electrical stimulation (FES) is a technique that uses electrical pulses to stimulate 
activity in nerves and muscles in order to restore some useful function to paralysed limbs or 
body parts (eg, Ewins et. al., 1988; Kralj et. al., 1988). In order to restore more than very 
simple functions, however, it is necessary to provide some sort of sensory feed-back to regulate 
the output of the stimulator (eg, Petrofsky et. al., 1984) and in later, more advanced systems, 
for conscious sensation. With recent moves towards fully implanted FES systems, it is 
necessary to provide an implantable sensor system. One option is to use implantable 
electromechanical sensors. However the FES patient usually has a fully functional array of 
sensors in the form of the body’s own sensory receptors; signals from these travel to the CNS, 
and the passage of these signals through the PNS may be detected by implanted electrodes. 
Both of these options have advantages and disadvantages, which are summarised briefly in
_ _  —.  ^ J
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Table 1.1.
Advantages. Disadvantages.
ImplantedElectromechanical
Sensors.
Relatively easy to develop and implant.
Useful where peripheral nerve is damaged, or natural coding is complex (eg. joint angle).
Inherentlyelectromechanically complex ->  long term reliability problems.
Must interact mechanically with living connective tissue.
Implanted 
Peripheral Nerve Electrodes.
Requires sophisticated R & D.
Requires surgery on nervous tissue.
Requires complex signal 
conditioning and processing.
Table 1.1
Inherently
electromechanicallysimple.
Utilises highly sophisticated natural transducers, some of which may not have obvious artificial counterparts (eg. skin stretch).
Locatable in body core 
whereelectromechanicallyprotected.
Comparison of implanted electromechanical sensors with implanted peripheral nerve electrodes (Loeb et. al., 1980).
Five different types of implantable electrode have been used for recording signals from the 
PNS; nerve cuff (eg, Davis et. al., 1978; Hoffer et. al., 1989), intrafascicular (eg, Malagodi et. 
al., 1989; Lefurge et. al., 1991), regeneration (Mannard et. al., 1974; Edell, 1986; Kovacs et. 
ai., 1992), metal-wire microelectrodes (eg, Prochazka et. al., 1976; Loeb et. al., 1977; Vallbo 
et. al., 1979) and multi-microelectrode probes (microprobes) (Pickard et. al., 1979; Rutten & 
Bouwman, 1991). These devices and their application to recording from the PNS, are reviewed 
in chapter 2. There are two characteristics of the recording properties of these electrodes that 
directly affect the interpretation of the recorded signals, and are therefore important when 
considering application in an FES system; these characteristics being the selectivity of the
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electrode, and the stability of the signal with time.
The selectivity of a particular device is the measure of the number of individual nerve cells 
(units) that contribute to the signal recorded by each channel of the device. For instance, a nerve 
cuff electrode is very unselective; most / aU of the nerve fibres within the peripheral nerve being 
recorded from contribute to the single channel output signal, and it is not usually possible to 
identify activity of a particular fibre simply by inspecting the output signal (Loeb et. al., 1980; 
Hoffer & Sinkjaer, 1986). A number of metal-wire microelectrodes, on the other hand, can 
form a highly selective multi-channel recording system - one channel per electrode; each 
electrode may record signals from a number of units, of which a few (up to four, say) may 
easily be identified and discriminated from the others (Loeb et. al., 1977; Prochazka et. al., 
1976).
The stability of a particular device is a measure of how the contribution of individual units to the 
record from each channel varies with time. To continue the example, the nerve cuff has been 
shown to be highly stable over long periods of time (months, years - Davis et. al., 1978; Hoffer 
& Sinkjaer, 1986). However, units identified in metal-wire microelectrode systems drift in and 
out of the record from a particular channel over a period of a few days or weeks (Prochazka et. 
al., 1976; Loeb et. al., 1980).
As may be anticipated from the example given, there is a trade-off between selectivity and 
stability. This has significant implications regarding the implementation of a neural signal sensor 
system for FES applications.
Highly selective devices may be located in the PNS near the spinal cord, and still give the same 
detail of information, in terms of sensory modality and location, as a poorly selective electrode 
located on a nerve trunk distal to the spinal cord which innervates a specific area. Poor stability 
in recording means that the contributions of individual units would have to be monitored as they 
drift in and out of the record, requiring complex hardware (Loeb et. al., 1980). However, being 
able to situate sensors near the spinal cord is extremely advantageous since it minimises
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mechanical interaction with tissue and reduces the problems associated with interconnecting the 
devices.
The microprobe is a device which has similar recording site characteristics to metal wire 
microelectrodes (Wise et. al., 1970), and so may be expected to be highly selective. It has 
advantages over metal wire microelectrodes in that it enables many accurately spaced recording 
sites to be inserted into a small volume of tissue (Prohaska et. al., 1986). Also, since all the 
recording sites are fabricated on a single substrate, it may anchor better in the tissue and be more 
stable than metal wire microelectrodes. Microprobes are further discussed in comparison with 
other recording techniques in chapter 2.
This thesis addresses the selectivity of recording from peripheral nerve trunks using 
microprobes. The question of stability is left open to investigation by others, or at a later date.
Microprobes differ from metal wire microelectrodes in that the recording sites are situated on an 
insulating substrate. Modelling work has shown that in the CNS, if this substrate is large then it 
can affect the recorded signals (Drake et. al., 1988). This needs to be investigated for recording 
from peripheral nerve trunks.
Previously, very little work has been done using microprobes to record fr om peripheral nerves. 
At present only two papers dealing with this application have been identified by literature search; 
Pickard et. al. (1979), and Rutten & Bouwman (1991). Whilst published data is inconclusive, 
there are indications that highly selective recordings can be made from peripheral nerve trunks 
using microprobes.
1.1 PROJECT OUTLINE.
A compact, wieldy, multichannel and highly selective device for recording sensory signals from 
peripheral nerves would be of considerable use in FES systems.
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1. It will be shown, through practical experimentation, that the 
microprobe is such a device.
2. Computer simulation will be used to determine the effect of the 
microprobe substrate on the signals detected.
3. The overall design of microprobes for use in FES systems will be 
discussed, and the integration of microprobes into the system will be 
outlined. The steps necessary to produce these microprobes will also 
be outlined.
Whilst the final application is to be in man, for this early work an invertebrate model has been 
used for ease of experimental method, numbers, and ethical considerations.
1 .2  THE GENERIC MICROPROBE.
Microprobes are devices that have been developed primarily for extracellular recording of the 
neural activity, and electrical stimulation, of the central nervous system (Wise et. al., 1970; 
Wise & Angell, 1975; Prohaska et. al., 1977; Kuperstein & Whittington, 1981; Najafi et. al., 
1985; Anderson et. al., 1989; Blum et. al., 1991; Edell et. al., 1992), and also for cochlea 
prosthesis work (Sonn & Feist, 1974; Shamma-Donoghue et. al., 1982; White et. al., 1983). 
Microprobes have also been used in stimulation of peripheral nerves (Liang et. al., 1991; Rutten 
et. al., 1991), where highly selective stimulation can be achieved. In two instances, identified 
by literature search, microprobes have been used to record signals from peripheral nerves 
(Pickard et. al., 1979; Rutten & Bouwman, 1991).
The simplest form of microprobe is shown in Fig 1.1. The device consists of two areas; the 
shank and the carrier area. The shank is long and thin, and carries a number of microelectrode 
sites. This is the part of the device which is inserted into the tissue under investigation. 
Insulated interconnection tracks connect the electrode sites on the shank to bonding pads on the
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carrier area; wires bonded to these pads connect the device to external instrumentation. Although 
some microprobes are available on a commercial basis (OttoSensors, Ohio) the physical 
dimensions of these were not suitable for the present work so it was necessary to fabricate 
suitable devices (chapter 5). Probes for use in CNS recording would typically have recording 
sites situated on a 2mm long, 100|im wide shank. The microprobes fabricated for this work 
(chapter 5) had recording sites situated on a 200p,m long, 70|Lim wide area at the tip of the 
shank.
Output leads.
Bonding pads.
Carrierarea.
Shank.
Interconnecting leads.
Electrode Sites.
Fig 1.1 Sketch of a typical microprobe. Not to scale.
The initial incentive for development of microprobes (thin-film microelectrodes) was that 
integrated circuit fabrication techniques could be used to produce extracellular microelectrodes 
that had characteristics which were more reproducible than more traditional metal 
microelectrodes, as well as to facilitate recording and stimulation at many precisely spaced 
electrode sites whilst minimising tissue damage (Wise et. al., 1970). Recently, microprobes 
have been developed that incorporate signal processing circuitry on-chip and bidirectional 
interfacing (Ji, 1990). Probes have also been formed into three dimensional arrays for 
intracortical use (Hoogerwerf & Wise, 1991).
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1.3  OUTLINE SYSTEM.
The development and design of a thin-film neural signal transducer, based on the results of this 
present work, is outlined in chapter 9. However it is necessary at this point to set the scene by 
speculating how one particular neural signal transducer system may be implemented using 
microprobes, for use in an FES system.
Within this thesis, microprobes are studied only as neural signal transducers. They are not 
considered as combined stimulator /  sensors, using the same electrode sites to perform both 
tasks, as suggested by Rutten and Bouwman (1991). Although this is an elegant solution, there 
are some disadvantages. For example, electrode sites for stimulation need to be of relatively large 
area in order to pass sufficient current whereas more selective recordings can be achieved if the 
electrode sites are of small geometric area (Wise & Angell, 1975). Recording and stimulating 
sites could be integrated onto the same probe, or it may be desirable to use some other 
stimulation method (eg, nerve cuff electrodes, possibly with microprobes fixed within the cuff); 
in any of these cases the transducer may be studied separately.
It is envisaged that a multi-pronged microprobe (Fig 1.2a) would be inserted into peripheral 
nerves near to the spinal cord; ideally in the dorsal roots of spinal nerves, or in the spinal nerves 
close to the spinal column (Fig 1.2b), since the spinal nerves are more accessible than the roots. 
Locating the transducers close to the spinal column will mean that the transducers and their 
interconnections will be more mechanically isolated, and therefore less prone to mechanical 
failure, than if they were placed more distally to the spinal column. Also, fewer transducers 
would be required since the nerves branch many times distal of the spinal cord.
If the transducers can be implanted in the dorsal roots of spmal nei-ves, then the recorded signals 
will be uncomplicated by motor fibre activity, thus simplifying the signal processing required. 
The signal processing could be further simplified if the stimulation devices were located at the 
ventral roots, eliminating stimulation artifacts from the recorded signal.
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It is obviously advantageous to keep the complexity of any implanted system to a minimum. 
Mechanical simplicity is highly advantageous, since the system will be under continuous 
mechanical stress in the body. Electronic simplicity will also be advantageous in any implanted 
system, not only because of improved testability and reliability, but also because simple 
electronics will have low power requirements, will dissipate less heat, and will occupy a smaller 
volume than complex electronics. Additionally, if signal processing requirements are minimised, 
this will ease control problems; notably by reducing lag between detection and response.
(b) Dorsal root
Posterior 
Grey matter.
Dorsal root ganglion
Spinal nerve.
Ventral root
Anterior
Fig 1.2 Diagrammatic representations of: (a) a multi-pronged microprobe; (b) (after Tortora & Anagnostakos, 1990) 
transverse section of the spinal cord showing the attachment of the dorsal and ventral roots of a spinal nerve on one side (the nerve on the other side is not shown). Not to scale.
Each spinal nerve contains sensory fibres which relay information from a relatively large area.
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unlike nerve branches distal to the spinal cord which wül carry information specific to a smaller 
area. It is desirable, therefore, that a microprobe transducer implanted in a spinal nerve, or the 
dorsal root of a spinal nerve, should be highly selective in its recording of neural activity. Thus, 
the majority of activity recorded on one channel (recording site) may be related to a particular 
sensory modality originating from a specific area of the body. A two dimensional array of 
recording sites, placed transversely across a peripheral nerve trunk, could be used to spatially 
sample activity within the nerve, obtaining information from all parts of the body served by that 
nerve, and of all sensory modalities.
A system can be envisioned in which multi-pronged microprobes are implanted in the dorsal 
roots of the spinal nerves (or the nerves themselves) and used to detect sensory signals being 
conducted along fibres within those nerves. As much signal processing as possible should be 
performed at probe level, to reduce interconnection requirements, and hence failures. A FES 
controller would use the feed-back from the microprobes to regulate stimulation. The controller 
may be powered, or controlled by telemetry of some sort. Demand signals would be supplied 
via the telemetry system from the user. It is conceivable that in the future demand could be 
supplied from implants in the CNS above the damage in the spinal cord, and that sensation 
could be relayed back to the brain, allowing conscious control of, and sensation from, the 
orthosis.
In order for microprobes to be useful in such a system it is desirable that they be selective and 
stable in their recording of neural signals from peripheral nerves. They must also be 
biocompatible, simple to interconnect within the body, and protected, especially the active 
electronics, from the hostile biological environment
1.4  STRUCTURE OF THIS THESIS.
The selectivity of microprobes has been investigated in a series of acute experiments in which 
microprobes were used to record from the peripheral nerves of an invertebrate (locust) animal 
model.
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The invertebrate preparation was chosen for ease of experimental method, numbers, and ethical 
considerations. Whilst there are differences between the locust peripheral nerve and the 
mammalian peripheral nerve, for the purposes of investigating the selectivity of the microprobe 
the locust preparation would appear to be a worse-case than the mammalian preparation. The 
anatomy of the locust’s nervous system is described in chapter 3.
In order to obtain a point of reference, experiments on the same preparation were carried out 
using metal-wire microelectrodes; this work is presented in chapter 4. Since no microprobes 
suitable for the present work were available, it was necessary to design and manufacture devices 
especially for this application; this was done in conjunction with the University of Southampton 
and the Rutherford Appleton Laboratory. The probe fabrication procedure and results are 
presented in chapter 5. The microprobe recording experiments, and their results, are presented 
in chapter 8.
A number of models of an active fibre in a volume conductor were constructed. The basic 
modelling work is described in chapter 6. There were two main reasons for construction of the 
models: firstly to predict the shape of the signals likely to be recorded. Secondly, to investigate 
the effects of the probe substrate on current flow within the nerve trunk; this work being 
presented in chapter 7.
In conclusion, the significance of the results of this investigation are discussed in terms of a 
transducer for use with FES systems, and the work necessary for the development of a useful 
transducer system is outlined (chapter 9).
The following chapter discusses, by considering previous work, why microprobes may be 
expected to be highly selective in recording from peripheral nerves. It also touches on some 
alternative recording techniques for comparison.
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CHAPTER 2. 
EXTRACELLULAR MICROELECTRODE RECORDING.
This chapter discusses how the action potential signal generated by a nerve cell is affected by the 
electrical properties of the recording electrode, and the structure and electrical properties of the 
surrounding tissue. Attention is directed towards acute recording of single unit activity from 
peripheral nerve trunks, using microprobes. As very little has previously been published on 
microprobe recording from peripheral nerves, the use of conventional metal wire 
microelectrodes in this role is also discussed. Of all the electrodes considered in this chapter, 
metal wire microelectrodes are perhaps the most similar to microprobes in terms of recording 
properties.
The chapter introduces a basic electrical model for metal wire microelectrodes, which is then 
modified for microprobes. Much of the work considered in this chapter relates to recording 
from mammalian nerve, so the structure of mammalian nerve is discussed as it relates to 
micro electrode recording. In addition to metal wire microelectrodes and microprobes, 
regeneration electrodes, intrafascicular electrodes, and nerve cuff electrodes are also considered. 
These are briefly mentioned as they represent alternatives to microprobes in the final FES 
application proposed.
Some special situations are considered (eg, tissue damage), which may influence the 
performance of metal wire microelectrodes or microprobes in acute recording from peripheral 
nerves. Further, since the eventual application of these devices will be a chronic implant 
situation, this is also considered briefly, with the emphasis placed on thin füm structures.
The chapter concludes with a brief summary of what may be expected of acute microprobe 
recordings from peripheral nerve, based on the discussion presented. The effects of
_
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amplification and filtering on the signals, and current flow around the microprobe substrate in 
peripheral nerve, are discussed in greater depth, and modelled, in chapters 6 and 1.
2.1 THE ELECTRICAL PROPERTIES OF METAL 
MICROELECTRODES.
The electrical properties of metal microelectrodes were summarised by Robinson (1968), and 
the model presented may also be used as the basis for an electrical model of thin film 
microelectrodes (eg. Wise e t al., 1970; Najafi &Wise, 1986; Leong et. al., 1990). The model 
presented by Robinson (1968) describes a metal wire microelectrode which is inserted into a 
volume of nervous tissue. The tissue is immersed in saline or some similar physiological fluid 
to prevent it drying out and to maintain nervous activity for as long as possible. A large area 
electrode immersed in the saline some distance from the tip of the microelectrode acts as a 
reference electrode for the system (Fig. 2.1).
Microelectrode.
[-'{Saline.
Nervous Tissue
Reference
Electrode.
Amp. Oscilloscope.
Fig 2 .1 Metal microelectrode recording from nervous tissue immersed in saline.
The nervous tissue consists of neurons and glial cells separated from each other by narrow 
clefts of conductive extracellular fluid (Kuffler et. al., 1984), and Robinson estimates that some 
92% of the current passing through this tissue, at IkHz, will flow through these clefts, rather 
than through the glial cells themselves. Also, the tip of the electrode is likely to rupture cells 
causing a pool of fluid to form around it; this fluid will be of higher conductivity than the 
surrounding tissue.
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Robinson (1968) notes that although the recording of extracellular potentials is commonly done 
over a lOOHz to lOkHz bandwidth, measurements made at IkHz are adequate to specify the 
recording site properties of the microelectrode. This is a useful and commonly used 
approximation, and has also been adopted, where applicable, for much of the present work.
The equivalent circuit model presented by Robinson (1968) is shown in Fig. 2.2; the notation 
has been adapted slightly to make it more descriptive. The active cell is surrounded by a 
resistive medium (the rest of the nervous tissue, and saline), through which the currents 
associated with the action potential flow. The passage of these currents through the extracellular 
medium sets up electrical potentials within it. The tip of the microelectrode, ideally an infinitely 
small point which does not disturb the signal being recorded, is located near to the cell on an 
isopotential line (g^). However, neither the microelectrode nor the source are ideal components. 
The effective source impedance is represented by the spreading resistance, Rsp.> which is 
commonly shown diagrammatically as in Fig 2.2. The spreading resistance actually represents 
the resistance between the recording site and the reference electrode (OV) at infinity.
Fig 2.2
Re
RmRsp
CshCe
Equivalent circuit of a metal microelectrode recording from isopotential line e^ of a neuron in a volume conductor. After
Robinson (1968).
The interface between the metal of the recording site and the extracellular fluid (ie, the electrode 
tissue interface) is modelled as an electrical impedance {Ze) represented by a parallel resistor
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capacitor combination, Re and Ce. The electrochemistry of the metal - saline interface is quite 
complicated. The impedance was originally characterised as a series resistor capacitor
combination where, in the IkHz region, the value of each of the components varied with I/Vco.
The parallel model was introduced to model to some degree the effects of electrode polarisation 
(the potential that appears at the metal - saline interface when a DC current is applied), and a 
series parallel combination has also been proposed (Ragheb & Geddes, 1990). It should be 
noted that all these models are only rough approximations to the actual situation. The model 
proposed by Robinson, and used in this work, is the parallel Re Ce model. Further, since the 
impedance measured at IkHz is adequate to characterise the properties of the recording site over 
the frequency range used for recording extracellular spike activity (lOOHz to lOkHz), the 
dependence of the values of Re and Ce on frequency may be neglected (Robinson, 1968).
Rm  is the resistance of the metal and wires between the recording site and the input of the 
amplifier. This is typically a few Q for metal microelectrodes, with a maximum well under 
lOkfà for even thin-film microelectrodes. This is very low compared to Rsp (typically about 
lOOkO) and the impedance of the metal - saline interface (a few MH at IkHz), and may usually 
be neglected.
The saline and tissue surrounding the insulated shaft of the electrode may be assumed to be at 
ground potential, since most of it is a significant distance from the signal source. The metal - 
insulation - saline structure is therefore modelled as a capacitor, Csh, shunting the signal from 
the electrode to ground. Should this capacitor be too large then it wiU start shorting the high 
frequency components of the recorded signals to ground; causing the electrode to act as a low 
pass filter. The capacitor can be kept small by ensuring that the length of electrode / wire 
immersed in saline is short and well insulated.
The electrode is connected to the input of an amplifier circuit. The amplifier has an input 
impedance, Za, which must be much larger than the combined impedances of Rsp, Rm, and the 
metal - saline interface, to ensure that most of the signal (g^) is dropped across the input of the 
amplifier. In practice it is not usually a problem to obtain an amplifier with a suitably high input
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impedance for this work.
The values of each component of the model presented in Fig. 2.2 may be estimated by formulae 
given by Robinson (1968).
Rsp
The spreading resistance may be computed as the resistance between the electrode tip and 
infinity, which is assumed to be at OV. The tip is assumed to be spherical, with radius r .^ The 
resistance of a spherical shell of saline distance r from the centre of the electrode tip, thickness
dr, and specific resistivity p is:
dRsp = p ( dr ! 4m^) eqn. 2.1.
integrating:
Rsp = dRsp eqn. 2.2
Rsp -  p ! 4jtr^ eqn. 2.3.
Re
Robinson derives an approximation for Re based on an earlier analysis of the oxygen electrode. 
For changes of less than a few mV, Re may be approximated as:
Re = 0.06 ! ipA eqn.2.4,
at room temperature. Where A is the physical area of the recording site (as opposed to the 
geometric area), and ip is equilibrium current density (ie, the current exchanged per unit area 
when no biasing voltage is applied across the metal - electrolyte junction; the junction being in 
electrical equilibrium with no net current flow). This will depend on the materials involved.
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Cg
Robinson presents a method for computing Ce based on the geometrical area of the recording 
site, and measured values of capacitance per unit area for the material employed. Thus for a
bright platinum electrode (0.2pF / |um^) of geometrical area Ageom (qm^),
Ce ~ 0.! Ageom pF eqn. 2.5,
Rm
The resistance of the metallic portion of the metal wire electrode can be estimated:
Rm =p^ (4L / Ttd )^ eqn. 2.6,
where is the resistivity of the material making up the electrode, L  is the length of the 
electrode, and d is the average diameter of the electrode.
Cf/z
The capacitance, in pF, between the signal path and ground across the material insulating the 
electrode wire may be estimated:
Csh -  0.!45 s ^ ll  logjp(D / d) eqn. 2.7.
Where is the relative dielectric constant of the insulating material, / is the length in cm of the
electrode immersed in the saline, d is the diameter of the metal itself, and D is the concentric 
outside diameter. Robinson notes that whilst the electrode tapers to a fine point, the insulation is 
often thinner near the tip and hence the ratio D ! d remains relatively constant.
Za
The input impedance of the amplifier depends on the circuit used. The amplifier circuit must be 
designed to ensure that IZal is significantly larger than the impedance of the metal - electrolyte
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interface and Rsp, combined.
2.2  ELECTRICAL PROPERTIES OF MICROPROBES.
The equivalent circuit model of Fig. 2.2 may also be used for microprobes with metal recording 
sites. However due to differences in geometries, some of the equations from the proceeding 
section, 2.1, need to be modified.
As the electrode sites are placed on an insulating substrate, the estimation for Rsp becomes 
invalid since the electrode site can no longer be assumed to be entirely surrounded by 
conductive material. Instead, a hemispherical approximation is used, with r^ being the 
equivalent radius of the electrode. Thus eqn. 2.1 becomes (Edell et. al., 1986b):
dRsp -  p ( drU jtr^) eqn. 2.8,
and integrating yields:
Rsp - p i  ! w ‘q  eqn. 2.9.
The change in electrode potential due to current flow (per unit area) is defined as the electrode 
polarisation, q. The relationship between this and the current, i, is given by (Wise et. al., 
1970):
i -  ipl exp (aep / kT) - exp (-{]- a) ep / {kT})] eqn. 2.10.
Where k is Boltzmann’s constant, e electronic charge, T temperature in K ( kT I e -  26mV at
T=300K; room temperature), a  is a symmetry factor, and ip is the exchange (equilibrium) 
current density as in eqn. 2.4. For gold in buffered saline the relationship holds anodically with 
a  -  0.5 for p < lOOmV, and cathodically with a  « 0.2 for p > -200 mV, and the measured
exchange current density, ip, is about 10“^  A /cm ^ (Wise et. al., 1970).
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The equation, eqn 2.10, may be linearised around the operating point to give an approximation 
for Re that holds fairly well for deviations, r/, between ± 25 mV (Najafi & Wise, 1986):
Re kT f e )( 0.5 IA  ip ) eqn. 2.11,
where A is the physical area of the recording site.
The capacitance. Ce, may be estimated by calculating the value of the ‘Helmholtz’ capacitance of 
the metal - electrolyte interface, which predominates in this case (Wise et. al., 1970). Thus:
Ce == S p S j  A ! d j  eqn. 2.12.
Where ep is the permittivity of free space (~ 8.9 x 10"^^ F / m), 8j is the relative permittivity of
the system (about 10), dj is the width of the Helmholtz layer (about one ionic radius « 2 to 4 
A), and A is the physical area of the recording site.
The resistance of the metal connecting the electrode sites to the amplifier may be computed using 
the common formula:
R m - p L I A  eqn. 2.13.
Where p is the resistivity of the material, L  the length of the track, and A the cross sectional 
area. A track of width w and thickness t will therefore have a resistance of:
Rm -  p L  ! (w t) eqn. 2.14.
For a given fabrication process sheet resistances, Rsheet, are often quoted, in O per square,
-
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enabling the use of the formula:
Rm -  ^ s h e e t L  / eqn.2.15.
The shunt capacitance must now be approximated as a parallel plate capacitor (rather than the 
concentric cylindrical capacitor of eqn. 2.7):
Csh= epSjAw ! D eqn. 2.16.
Where l is the length of the track immersed in saline, or coupling to the probe substrate should 
this also be considered, w the width of the track, and D the thickness of the dielectric layer. Sp
is the permittivity of free space, and the relative permittivity of the dielectric layer (- 4.25, for 
a silicon oxide-nitride-oxide combination; Najafi et. al., 1990).
2 .3  DISCUSSION OF THE ELECTRICAL MODEL OF 
MICROPROBES.
One omission from the model presented in Fig. 2.2 is a shunt resistance in parallel with Csh 
(Najafi et. al., 1985; BeMent et.al., 1986). In practice, this is extremely large compared with 
the impedance of the recording site, and the capacitive reactance of Csh, and so may be 
neglected. For a 0.1 micron thick layer of Si02 over a 3mm long, 10|i wide track, for example, 
the resistance assuming the entire track is immersed in the saline is approximately:
R s h - p l / A  eqn. 2.17.
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For glass (Si02), p = 1x10^^ O.m (Ohanian, 1989), so:
= 1x10^^ X O.liam/(3mmxlO|-Lm) eqn. 2.18,
= 3x10^2 Q  oj. 3 x q  eqn. 2.19.
Whereas, from eqn. 2.16:
Csh ~ 11 pF eqn. 2.20,
giving a reactance at IkHz of 14.5 M ^; about 5 orders of magnitude lower than that of the
shunt resistance. Thus this resistance can usually be safely ignored, although it may be wise to 
estimate it if a novel insulating material is to be employed in fabrication of the electrodes.
It should be noted that the distance, dj, used when computing the capacitive component, Ce, of 
the metal - electrolyte interface (eqn. 2.12) is very small (2 to 4 Â; Wise et. al., 1970). This 
means that the area of the capacitor will significantly depend on the physical surface area of the 
recording site, as well as the geometric area. Since for extracellular spike recording the 
impedance of the recording site is primarily capacitive (Robinson, 1968; Wise & Angell, 1975), 
then increasing the physical area of the recording site by microscopic roughening can have a 
significant effect on the impedance.
The impedance of the recording site may be reduced by as much as two orders of magnitude by 
platinizing; ie, coating it with platinum black (Robinson, 1968). For thin film microelectrodes, 
the deposition parameters of the electrode material may be adjusted in an attempt to produce a 
rough finish (Edell, 1986). Platinizing is the most common technique for reducing the electrode 
impedance, but various other plating / roughening techniques may be used.
The resistance of the interconnection between the recording site and the amplifier ( < lOkO) can 
usually be ignored since it is commonly much less than the metal - electrolyte interface 
impedance (1 to 10 at IkHz) or the spreading resistance (approximately lOOkD). eg. For a
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3mm long, 4|iim wide gold track of 0.1 qm thickness:
Rm = p 3mm/4|Ltm X O.lqm eqn. 2.21.
The resistivity of gold is approximately 2.4x10"^ 0.m  (Tennent, 1989), giving:
Rm = 180 O eqn. 2.22.
The size (geometrical area) of the recording site is important when it comes to selectively 
recording signals from a single (or one or two) neuron. It has been observed that for highly 
selective recording, microelectrodes must be physically small and of rather high impedance 
(Wise & Angell, 1975). This could be due to a number of factors. Smaller electrode tips may be 
able to approach more closely to the cell being recorded from without damaging it. It has also 
been suggested that since the recording site is of a conductive material, it represents an 
isopotential surface within the neural tissue; the site thus records the average of the potential 
over its surface (Robinson, 1968). Another suggestion is that since most of the action potential 
current flowing extracellularly is expected to flow within the extracellular space (Robinson, 
1968), then small recording sites are better at sampling current flow within the clefts between 
cells and are therefore more selective (Starr et. al., 1973). However whilst high selectivity may 
require a small recording site, very small recording sites have the disadvantage of high metal - 
electrolyte impedance and spreading resistance (eqns. 2.9 and 2.12), and so will have high 
thermal noise.
The noise of the metal-electrolyte interface is given by (Gesteland etal., 1959):
Vr? = 4kTBRj^ eqn. 2.23,
where B is the equivalent noise bandwidth of the system, k is Boltzmann’s constant, T is the 
temperature in K, and Ryy is the equivalent noise resistance at room temperature. R ^  should be
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equal to the real part of the electrode impedance at the same frequency, and indeed Gesteland et.
al. (1959) show good agreement between the measured value of R ^  and 2H{Ze}. The
impedance, Ze, is given by the parallel combination of Rg and Ce:
Ze = Re I  (}+jcûCeRe) eqn. 2,24.
Multiply top and bottom by complex conjugate of the denominator:.
Ze = (Re -JccCeRe^) / (1 + a?Ce^Re^) eqn. 2.25.
So:
3i{Ze} = Re / ( I  ■¥ o^Ce^Re^) eqn. 2.26,
which is dependent on frequency. The noise can theoretically be reduced to an insignificant level
by increasing Ce, such that:
o^Ce^ » R e  eqn. 2.27.
From eqn. 2.11, Ré? is inversely proportional to the physical area of the recording site, and also 
to ig which is a characteristic of the material employed. From eqn. 2.12, Ce is directly 
proportional to the physical area of the recording site. So by increasing the physical area of the 
recording site, by platinizing for example, and careful selection of the recording site material, 
the noise contribution of the metal - electrolyte interface can be significantly reduced.
If it is assumed that noise from the metal - electrolyte interface can be minimised, as well as 
noise from the signal processing circuitry and background neural noise,, all of which are to some 
degree under control of the design of the electrode system, then the limiting noise is the noise of 
the spreading resistance (Edell et. al., 1986a). Here:
= 4kTBRsp eqn. 2.28.
_ _   ^ _ _ _ _  _ _
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From eqn. 2.3 and eqn. 2.9, Rsp is inversely proportional to the equivalent radius (and hence 
the geometrical area) of the electrode. As the electrode is reduced in size, this noise will grow 
until it swamps the signal being recorded. Edell et. al. (1986a) suggest that contact dimensions 
will be limited to about 5|im by 5qm by this spreading noise. This was based on a regeneration 
electrode recording situation, from myelinated mammalian fibres. It is not the purpose of the 
present work, however, to develop a noise free microelectrode.
In conclusion, for highly selective recording characteristics, it is desirable to have an electrode 
with a low metal - electrolyte impedance and a small geometrical area. These are contradictory 
goals, requiring a compromise solution. Increasing the surface area by platinizing or some other 
method may not be desirable for chronic implants since platinum black, due to it s large surface 
area, may catalyse local reactions in the tissue (Gesteland et. al., 1959).
2 .4  THE STRUCTURE OF NERVOUS TISSUE RELEVANT TO 
MICROELECTRODE RECORDING.
This section outlines some of the structures of mammalian nervous tissue which may affect, or 
are important when considering, extracellular microelectrode recording from peripheral nerve 
trunks. Whilst the locust was the animal model chosen for the present work, much of the work 
by others considered here was performed on mammalian or vertebrate models. The application 
to mammalian and vertebrate nervous systems will also be discussed in chapter 9. It is therefore 
necessary to outline the relevant structures of mammalian nerve at this point. The locust’s 
nervous system will be considered separately in chapter 3, and the action potential itself will be 
considered in detail in chapter 6 (section 6.1).
Within the mammalian central nervous system (CNS), neurons are suirounded by glial sheaths. 
Some axons may have an individual covering, but typically many axons may be grouped 
together and entire bundles of axons are surrounded by a common glial envelope (Kuffler et. 
al., 1984). There is an extracellular space between all cells of 15 to 20 nm wide (Robinson,
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1968; Kuffler et. al., 1984), the neurons always being separated from the glia by a continuous 
cleft whereas glial cells may be linked by gap junctions; this is shown diagrammatically in Fig. 
2.3. The exception to this is in the case of myelinated fibres, where the myelin is wrapped 
tightly round the fibre.
Extracellular Gap
space junction
iNeuronl
Fig. 2.3 Diagram representing the relationship between neurons and glia. From Kuffler et. al. (1984).
Sunderland (1978) describes the structure of the mammalian peripheral nerve in some detail. 
The peripheral nerve carries both myelinated and unmyelinated fibres. Generally speaking, 
fibres below about Ijim diameter will be unmyelinated whereas fibres of 2|uim diameter and 
above will be myelinated. Unmyelinated fibres lie within invaginations of Schwann cells, which 
form a layered chain along the length of the fibre. A basement membrane is formed around the 
Schwann cell structure, which in turn is surrounded by the connective tissue of the 
endoneurium. Small fibres may be grouped together incompletely surrounded by the Schwann 
cell cytoplasm, but more often each individual fibre is completely surrounded. Fig. 2.4.
The sheath of the myelinated fibre consists first of the flattened cytoplasm of the Schwann cell 
associated with the myelination. The fibre - myelin - Schwann cell complex is again surrounded 
by a basement membrane which is finely invested by the connective tissue that forms the 
endoneurial tube around the fibre. Beyond this is the connective tissue of the endoneurium (Fig. 
2.5). The endoneurial component of the nerve sheath does not differ significantly between 
myelinated and unmyelinated fibres.
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Basement membrane.
Nerve fibres.
Schwann cell cytoplasm.
Fig 2.4 A Schwann cell surrounding several small fibres. After Sunderland (1978).
Basement membrane. Schwann cell cytoplasm. Myelin sheath.
Nerve fibre.
Outer Endoneurium.
Fig. 2.5 The sheath around a myelinated fibre. From Sunderland 
(1978).
The fibres of mammalian nerves are surrounded by several types of connective tissue, grouping 
them into nerve trunks. The individual fibres are surrounded by the endoneurium, and grouped 
into bundles within the nerve trunk called fascicles. Each fascicle is surrounded by the 
connective tissue of the perineurium, and embedded in the epineurium. The epineurium is 
somewhat condensed at the edge of the nerve trunk to form a distinctive sheath to the nerve 
(Sunderland, 1978; Tortora & Anagnostakos, 1990). Fig. 2.6.
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Perineurium Spinal nerve,
(around fascicles). Epineurium.
Blood vessels.
Endoneurium (around fibres).
Diagram of the structure of a mammalian peripheral nerve trunk. From Tortora & Anagnostakos (1990).
2 .5  DISCUSSION OF MICROELECTRODE RECORDING FROM 
PERIPHERAL NERVES.
This section considers interaction between microelectrodes and nervous tissue when recording 
extracellular single unit neural signals. Some results are mentioned, usually in terms of peak to 
peak amplitudes of the recorded signals, from the literature considered. Where apparent 
amplitudes are mentioned, these were not cited explicitly in the text of the work referenced, but 
were estimated from the published graphs.
General emphasis has been placed on single unit recording using metal wire microelectrodes and 
microprobes. Only a subsection of the substantial amount of work published on metal wire 
microelectrodes is included here, mainly addressing acute intraneural recording from 
mammalian peripheral nerve. Metal wire microelectrode recordings were made from locust 
peripheral nerve during the present work, and this will be presented separately in chapter 4.
Other implanted electrodes for neural signal recording are also considered. These are: 
regeneration electrodes, intrafascicular electrodes, and nerve cuff electrodes. Regeneration
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electrodes require that healthy nerve trunks be severed in order that the device may be inserted, 
so these are not particular suitable for the eventual application. However, they have been treated 
in some detail here since they are at present the only silicon based microelectrode devices that 
have been chronically implanted in peripheral nerves. In addition, the slotted device of Edell 
(1986) had a similar structure to the proposed multi-shank probes, and so may have some 
relevance to future work. Intrafascicular electrodes are more difficult to insert into peripheral 
nerves than microprobes, since they have to be positioned individually in fascicles. Although 
they appear to be slightly less selective than anticipated for microprobes, they are included here 
since multiple intrafascicular electrodes could potentially provide similar information to 
microprobes, which could be processed as outlined in chapter 9 (section 9.4). Nerve cuff 
electrodes are only touched on very briefly, however they are worth mentioning since signal 
interpretation techniques developed for these could, in the future, have application to this work.
Where devices were chronically implanted in the nerve trunk, the effect of the connective tissue 
encapsulation that forms around them is speculated upon. Tissue reaction to implanted devices 
will be described in more detail, in section 2.7.
2.5.1 Metal Wire Microelectrode Recording from Peripheral Nerves.
Metal wire microelectrodes have been used for recording from both the central nervous system 
(eg, Salcman & Bak, 1976; Kruger, 1983; Reitboeck, 1983; Jaeger et. al., 1990) and peripheral 
nerve trunks (eg, acute recording in man: Knutsson & Widen, 1967; Janko, 1970; Torebjork 
et. al., 1970; Vallbo et. al., 1979; Mctor et.al., 1987). When attempting to make highly selective 
recordings with these electrodes (single unit recording), the electrode wiU be inserted into the 
nervous tissue and its position adjusted until a unit is isolated. This is often done using an audio 
monitor system since changes in the audio signal may be apparent even before they can be seen 
on an oscilloscope (Hagbarth et. al, 1970; Vallbo, 1972; Towe, 1973). Reports from human 
subjects also assist in the process of positioning the electrode, as some sensation is experienced 
when a nerve fascicle is penetrated.
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Hagbarth et. al. (1970) identify three possible positions (sites) within the peripheral nerve from 
which the electrode may record neural activity (Fig 2.7).
Extrafascicular. (Fig 2.7a) The electrode tip is assumed to be positioned in the extrafascicular 
space. Compound responses similar to those obseiwed in exü'aneural macro-electrode recordings can 
be seen and there appears to be an absence of identifiable single unit activity (Hagbarth et. al., 
1970), with the possible exception of low amplitude volleys from fast A fibres (Vallbo et. al., 
1979). Rarely these low amplitude signals from fast A fibres may also be detected when the 
electrode is positioned in fascicles adjacent to the one supplying the stimulated skin.
Intrcfascicular. (Fig 2.7be) The tip of the electrode is assumed to be partially or completely 
within the fascicle, and selectively recording from fibres within that fascicle. Whilst individual 
units may not be resolved without the use of averaging techniques, multi-unit mass discharge 
can be distinguished above the noise level.
Intracellular. (Fig 2.7d) The tip of the microelectrode is assumed to have penetrated the fibre that 
it is recording from. Occasionally the electrode would pick up signals from a single axon, whilst 
on other occasions signals from two or three fibres could be seen.
Aa fibres discriminated against noise and background activity would usually have a diphasic
impulse; with an initial large positive phase followed by a lower amplitude, longer duration 
negative phase. This suggests recording from an intracellular situation. Occasionally the classic 
triphasic signal associated with extracellular recordings would be seen in which case it was 
assumed that the electrode tip was probably in the extracellular space close to a node of Ranvier 
(Fig 2.7c). Single unit activity from C fibres was usually triphasic in appearance, as expected of 
extracellular recordings. (Vallbo et. al., 1979). This would be expected, since recording 
intracellularly from the smaller C fibres would be very difficult without damaging them.
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Fig. 2.7 A microelectrode positioned in (a) the extrafascicular space of a nerve trunk; (b) within a fascicle; (c) close to a fibre; (d) intracellularly (within a nerve fibre).
Signals recorded intracellularly using metal wire microelectrodes ranged from 20pV to 250|aV 
pk-pk (Knutsson & Widen, 1967; Vallbo, 1972; Vallbo et. al., 1979) on a background noise 
level, which included neural noise, of about 10 to 20 |iV pk-pk (Vallbo et. al., 1979). The 
amplitudes of intrafascicularly recorded extracellular signals from C fibres could be as large as 
40 to 60 pV pk-pk. The microelectrodes used were relatively large; tip diameters ranged from 1 
to 15pm (typically about 5pm), with from 10 to 50 pm of the tip deinsulated (typically 10 to 
15pm). Tip impedances ranged from 5k^2 to 250kO.
Action potentials recorded intracellularly using glass microelectrodes will typically be of the 
order of 90 to 110 mV peak. The discrepancy between these and those recorded intracellularly 
by metal microelectrodes may be explained by the fact that glass microelectrodes form a tight, 
high resistance seal with the cell membrane when recording intracellularly, whereas only part of 
a metal microelectrode will be within the cell and the cell membrane will be damaged, providing 
a low resistance path across the cell membrane for currents (effectively shorting the signal).
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Most of the identifiable single unit signals will be recorded intracellularly, or with the electrode 
tip very close to the cell; this biases the sampling to larger fibres (Hagbarth & Vallbo, 1969; 
Hagbarth et. al, 1970) since small fibres are more likely to be severely injured when the 
electrode tip is brought near.
Metal wire microelectrodes have also been used to record single unit extracellular signals from 
the dorsal root ganglia (DRG), and dorsal roots, of cat spinal nerves in chronic free walking 
preparations. The electrodes used were typically insulated wires of 50pm diameter, with the tip 
cut obliquely (Loeb e t al., 1977; Loeb et. al., 1980; Loeb et. al., 1985). These typically had 
recording site impedances of 100 to 300 kO, and recorded single unit signals of 100 to 400 pV 
pk to pk in the dorsal root ganglion (Loeb et. al., 1985; Loeb et. al., 1980), Prochazka et. al. 
(1976) recorded signals from the L7 dorsal roots using insulated 17pm diameter wires inserted 
into the dorsal root bundles. Single unit signals recorded by these electrodes appear to be over 
lOOpV pk - pk.
Within the DRG are large cell bodies (40 to 80pm; Loeb et. al., 1977), which may contribute to 
the recorded signals. Identifiable single unit signals appear to have been recorded by electrode 
tips close to the fibre or cell body and not intracellularly, since the periods over which these 
signals were recorded are far longer than the period over which an intracellular signal can be 
maintained. Loeb et. al. (1980) report being able to record from a single identifiable unit for 
typically 3 to 4 days, with a maximum period of 3 to 4 weeks; and Prochazka et. al. (1976) 
report being able to obtain single fibre recordings for a maximum of up to 10 days. This 
contiasts with intracellular recording with metal wire microelectrodes, where it is possible to 
hold a single unit for up to 90 minutes (Hagbarth et, al., 1970; Torebjork et. al., 1970).
The recordings made using chronically implanted wire microelectrodes from DRG (Loeb et. al., 
1977, 1980, 1985) and dorsal roots of cat spinal nerves (Prochazka et. al,, 1976) appear to lie 
within expected amplitude ranges compared to acute recordings from peripheral nerves, taking 
the different situations into account (eg, recording from cell bodies in the DRG). The effects of 
a connective tissue sheath forming around the electrode in these situations is not apparent, since
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the papers do not give any histological data. It may well be that slight movement or mechanical 
stress on the electrodes themselves kept them in a position similar to the intrafascicular 
recording position during the entire period of the experiments, or that there was very minimal 
encapsulation (as observed in the CNS by Drake, 1987).
The neurite of the fast extensor tibiae neuron (FETi) of the locust has been examined using both 
intracellular and extracellular recording. G william and Burrows (1980) used glass micropipettes 
filled with 2M potassium acetate or 10% cobalt chloride solution, having resistances of between 
20 to 40 MO, to record extracellular signals from several positions along the length of the 
neurite. Recorded signals appear to range from about 1.76 mV pk-pk where the neurite enters 
the nerve trunk, to as much as 3.53 mV pk-pk within the ganglion.The FETi neuron has a 
relatively large unmyelinated axon: 15pm diameter, whereas mammalian axons above 2pm 
diameter will be myelinated. Unmyelinated fibres may be expected to produce larger 
extracellular signals than myelinated fibres of a similar size, since a larger area of the cell 
membrane is involved in the action potential.
2.5.2 Microprobe Recording from Peripheral Nerves.
Much work has been done using microprobes to record from the CNS (eg, in mammals: 
Kuperstein & Eichenbaum, 1985; BeMent et. al., 1986; Drake, 1987; Drake e t al., 1988; and 
invertebrate: Pickard, 1979; Pickard et. al., 1990). However, very few studies have been made 
of the characteristics of microprobes when recording from peripheral nerves.
Pickard et. al (1979) reported signals recorded from the frog sciatic nerve. Two arrays of four 
recording sites were inserted into the exposed sciatic nerve of a frog, giving eight recording 
sites spaced along the longitudinal axis of the nerve. The arrays were used to record compound 
action potentials evoked by electrical stimulation of the spinal roots, and also spontaneous 
activity within the nerve. The exposed recording sites tapered to approximately 2pm width and 
were 10 to 15 pm long, spaced some 340pm apart. Spontaneous localised bursting activity 
could be detected on one channel whilst others remained quiet, demonstrating that the probes
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were capable of recording discrete potentials on different channels. The signals recorded appear 
to be over 150 pV pk-pk.
Rutten & Bouwman (1991) reported signals recorded from a microprobe inserted in an acute 
preparation of the rat peroneal nerve (Fig. 2.8). Differential recordings were made from sites 10 
by 50 pm, spaced 50 pm apart (with a reported recording site impedance at IkHz of 
approximately 30k£2), while the extensor digitorum longus (EDL) muscle was loaded and 
unloaded. The responses were averaged and compared to the signal recorded from a bipolar 
hook electrode around the nerve (ie, two wires with uninsulated tips which were hooked around 
the nerve trunk). Filing complexes were to be seen after loading and unloading of the EDL 
muscle, and the shape and amplitude of the complexes differed at different electrode pairs, 
demonstrating a degree of selectivity. Similar firing patterns were recorded by the hook 
electrode. The recorded signals appear to vary up to as much as 200 pV pk - pk.
nerve
Fig 2.8 Insertion of microprobe for recording from the rat peroneal 
nerve. From Rutten et. al. (1991).
Fibre tracts within the CNS differ somewhat from peripheral nerve trunks, since they do not 
necessarily have a similar structure (eg, no epineurial sheath). Despite the differences, however, 
data from these may add a little to the results from experimental work on peripheral nerves, both 
in terms of the potential selectivity of microprobes and the expected amplitude of the recorded 
signals. Therefore, two such experiments have been briefly summarised here.
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Microprobes developed by Blum et. al. (1991) were tested by acute recording in the vicinity of 
the dorsal column nuclei in the spinal cords of rats. Some of these recordings may have been 
made from fibre tracts, and therefore have some relevance to recording from peripheral nerves 
where fibres lie parallel to one another. The 25pm by 25 pm recording sites, spaced 500pm, 
apart had initial impedances of 2 to 4 MÊ2. Signals of over lOOpV pk to pk were recorded 
simultaneously on three sites from different neurons. Background noise was usually less than 
20pV and it was possible to hold single cells for several hours without any significant change in 
the action potential shape.
Signals that appeared to have been recorded from fibre tracts in the CNS of an invertebrate 
animal model were reported by Pickard et. al. (1990). Extracellular neural signals were recorded 
from the honeybee brain using microprobes with 4pm diameter recording sites, spaced 50pm 
apart. In some cases it was possible to observe action potentials propagating along fibres 
running parallel to the longitudinal axis of the probe shank. Selectivity between the 50pm 
spaced sites appeared to be good enough that the propagation velocity of the signals could be 
deterrnined. These signals appear to be of the order of ImV pk-pk.
The performance of microprobes for cortical recording was investigated by Drake (1987; et. al., 
1988). However, the microanatomy of the CNS in that study was even further removed from 
peripheral nerve than the fibre tracts mentioned above, and so the work has been omitted from 
the present account.
2.5.3 Regeneration Electrode Recording from Peripheral Nerves.
If peripheral nerve trunks are transected and the two ends brought into close apposition then 
under favourable conditions the nerve fibres will regenerate, growing from the proximal stump 
into the distal stump in an attempt to reconnect with their appropriate end organs (Tortora & 
Anagnostakos, 1989; Kovacs, 1990). Mannard et. al. (1974) were the first to take advantage of 
this phenomenon for neural signal recording. A regeneration electrode was produced, consisting 
of a flattened disc of epoxy with 11 diameter silver wires embedded in it. Holes of 100|am
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diameter were drilled through the epoxy such that each hole was also drilled through a wire. The 
regeneration electrodes were implanted in the sciatic nerve of the clawed toad {Xenopus laevis) , 
and after a suitable period has elapsed, signals were recorded from both anaesthetised and 
awake free moving preparations. A typical regeneration electrode is shown diagrammatically in 
Fig 2.9.
Bonding pads.
Fig 2.9
Interconnects; Substrate.
Electrode sites 
with holes drilled through device.
Sketch of a typical regeneration electrode. Nerve fibres regenerate through the via holes drilled in the substrate. (Not to scale).
Neural signals presented by Mannard et. al. (1974) were recorded differentially between pairs 
of electrodes, however since the electrode tips were located some distance apart in different 
channels through the substrate, it may well be that the signals recorded bear more relationship to 
monopolar recordings than to differential recordings. The electrodes, of between 20k(l and 
300KC2 impedance, appear to have recorded some classic triphasic extracellular signals of up to 
about 250(1 V pk-pk. It should be noted that the location of the electrode tips within relatively 
long (700|JLm) insulating channels may well have had an influence on the amplitude of the 
signals recorded, since current flow within the channel will be restricted to a much smaller
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volume than in the nerve trunk, effectively amplifying the signal. An analogous effect may be 
seen in the use of insulating cuffs around nerve trunks, which also reduce interference from 
electrical sources outside the nerve (Loeb et. al., 1980; Meier, 1992).
The regeneration electrode reported by Edell (1986) consisted of a number of slots in a silicon 
substrate. Recording sites, 17(im by 37|im, were placed on the bars between the slots, on one 
face of the device (as opposed to within the channels through the device). The impedance of the
metal - saline interface at IkHz was 340 MQ.jim^, this equates to approximately 540kQ
impedance for each electrode site. Edell (1986) reports signals of up to 600(1 V amplitude 
recorded differentially between electrodes spaced 200(1 apart (centre to centre) from rabbit 
peripheral nerve. A filter with an effective bandwidth of lOOHz to 16kHz was employed for 
these recordings. Also presented were signals recorded using a filter with a 3dB bandwidth of 
500Hz to 3kHz; these signals had a triphasic shape, and appear to be of approximately 94 (iV 
amplitude.
It is not clear as to whether the large (600(iV) signals reported by Edell (1986) are single 
unit signals or the summation of several units firing spontaneously. The smaller signals do, 
however, correspond well with those recorded by metal wire microelectrodes from 
intrafascicular positions in acute studies on human peripheral nerves.
A variety of different recording site configurations have been considered by a group working on 
regeneration electrodes at Stanford University, USA (Kovacs, 1990; Kovacs, 1991; Kovacs et. 
al., 1992). The devices consisted of silicon substrate (mechanically lapped to approximately 50- 
70p.m thick) with via holes of approximately 8 to 14(xm diameter etched through it. The 
electrode arrays were arranged with an eight by eight configuration of 100(im by 100|im areas 
into which an recording site could be placed; the via hole being at the centre of each area. Two 
basic configurations were reported: a monopolar configuration, making use of a single
recording site of 3600|am^ geometric area with the via hole at its centre; and a split 
configuration, with geometric areas varying from 480 to 3600(im^. The split configuration
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employed two sites either side of the via hole, one of which was connected to a common 
reference grid. Differential recordings were made between a free recording site and the reference 
grid. With the monopolar configurations, recordings were referenced to a distant, indifferent 
reference electrode (Kovacs, 1990; Kovacs et. al., 1992).
Single unit signals were recorded from the monopolar array with peak amplitudes in the order of 
lOOp-V. Whilst the recording sites were not within the channels through the substrate, the 
narrow diameter via holes would mean that the fibres recorded from were very close to the 
recording sites themselves. This contrasts with the work of Edell (1986), where the slots cut 
through the substrate were about 200|Lim wide. Single unit action potential signals of the order 
of ImV amplitude were recorded using the split electrode arrays, and in some cases much larger 
amplitudes of the order of 50mV were recorded.
Whilst the single unit signals recorded with the monopolar array compare well with signals 
recorded by others (discussed above), the very large signals occasionally recorded from the split 
arrays are unexpected. No definitive explanation is presently available in the literature, however 
it was suggested that the large signals may possibly have been intracellularly recorded due to 
motion of the device causing damage to axons, or that the metal of the electrode had come into 
contact with the axon membrane (Kovacs, 1990; Kovacs et. al., 1992).
Some aspects of the recording properties of regeneration electrodes cannot be satisfactorily 
explained. In the case of the slotted device (Edell, 1984; Edell, 1986), the connective tissue 
encapsulation that was observed around the structure makes it highly unlikely that fibres could 
come close enough to the recording sites to account for the relatively large signals that were 
recorded (larger than about 500(xV). There may be a case for the large insulating substrate 
presented transversely to the nerve having the effect of increasing the longitudinal resistance of 
the nerve trunk, and hence causing the signals recorded to be larger than expected. This could 
explain signals in the order of 500|liV, particularly in the case of very small via holes (eg, 
Kovacs, 1990; Kovacs et. al., 1992). Additionally it may be that the hyperfasciculation (where 
connective tissue sheaths encircle small groups of axons) that was observed to occur in the
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regenerating nerve (Edell, 1984) meant that only axons very close to the recording sites were 
recorded from. There is, however, no satisfactory explanation for the signals that appear to be 
of the order of ImV recorded by the slotted regeneration electrode (Edell, 1984), unless they 
may be the result of several neurons firing simultaneously. Edell (1984) suggested that 
hyperfasciculation could have been a cause of these very large signals, although the overall 
effect of hyperfasciculation could not be judged from the available data (Edell, 1986).
Signals reported for monopolar recordings made from regeneration electrodes with small (8 to 
14pm diameter) via holes etched through them (Kovacs, 1990; Kovacs et. al., 1992) appear to 
be reasonably interpreted by the above explanation of the array appearing as a resistance within 
the nerve trunk. The signals reported of the order of lOOpV compare well with intrafascicular 
records from metal wire electrodes where the tips are close to the fibres being recorded from. 
The large geometric areas of the recording sites may serve to reduce the amplitude of the 
recorded signal by averaging over the area of the site. This would particularly be the case if the 
fibre and electrode had a dense connective tissue layer that constrained currents to flow in the 
immediate vicinity of the via hole.
In the case of split electrode design (Kovacs, 1990; Kovacs et. al., 1992), in addition to signals 
of about 150pV amplitude, large ImV potentials were reported as well as some potentials in the 
region of 50mV. The potentials in the order of ImV could be due to particularly dense 
connective tissue around the fibre and recording site. The fibres need not regenerate through the 
centre of the via hole, so it may occur that a node of Ranvier was sometimes in close proximity 
to one of the recording sites near the via hole. The split electrode design would reduce the 
effects of averaging over the recording site surface, so potentials of the order of ImV could be 
accounted for in this way.
Two possible explanations for the unusually large (up to 50mV) potentials were offered by 
Kovacs (1990). Either there was motion of the electrode, shearing the axon so that the recording 
site was recording from an intracellular position, or (suggested by FT Hambrecht of the NIH) 
the recording site was in contact with the cell membrane in such a way that giant potentials were
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recorded.
2.5.4 Intrafascicular Electrodes for Recording from Peripheral Nerves.
A novel kind of intrafascicular electrode has been proposed, and is being investigated, as a 
device to provide sensory feedback for FES (Goodall & Horch, 1989, 1992; Lefurge et. al., 
1989, 1991; Malagodi et. al., 1989; Goodall et. al., 1991, 1993). The electrode consists of a 
length of wire, typically 25|im diameter Pt-Ir wire, which is insulated except for a short 1mm 
long recording site part way along its length. The wire is threaded into a fascicle of a peripheral 
nerve (Lefurge et. al., 1991). Recordings may be made differentially between two 
intrafascicular electrodes (Malagodi et. al., 1989) or more often between the intrafascicular 
electrode and a similar, larger diameter (50jam), electrode positioned outside the fascicle, with 
its recording site parallel to that of the intrafascicular electrode (Lefurge et. al., 1991). 
Recordings have been made up to six months post implantation with identified sensory units 
drifting in and out of the population recorded from (Lefurge et. al., 1989). Each electrode 
would record activity from about ten fibres, of which some 30% of units identified one month 
post implantation could still be identified five months later. Techniques for automatic 
identification and classification of the recorded signals are under development (Goodall & 
Horch, 1990; Goodall et. al., 1993).
Single unit action potentials recorded using intrafascicular electrodes appear to range from about 
lOjLiV pk-pk (Goodall & Horch, 1989; Goodall et. al., 1991) to as much as 50 or 60|aV pk-pk 
(Malagodi et. al., 1989). The relatively large area of these electrodes, and low impedance (of the 
order of 25kO at IkHz) means that the noise from the electrode itself is relatively small, and the 
predominant noise source in the system is background neural activity (Malagodi et. al., 1989). 
The recorded potential field over the length of the electrode site will be integrated (ie, recording 
the average potential over the length of the electrode). Since the electrode lies parallel to the fibre 
being recorded from and the net area of the extracellular spike is zero (all the current crossing 
the fibre outwards is compensated for by an inward current at a different point, giving a net 
current of zero) then there will be a maximum useful length of recording site. The signal being
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significantly attenuated when the recording site is longer than this. This length was estimated to 
be about? mm, whereas 1 to 2 mm appears optimal. (Malagodi et. al., 1989).
The single unit signals recorded by intrafascicular electrodes appear to be of the same order of 
magnitude as expected from metal wire microelectrodes recording from intrafascicular positions 
(ie, 20 to 60 |iV). However there appears to be much less background neural noise and about 
10 units being identifiable on each record; presumably the ten units closest to the implant. 
Recording differentially will help to reduce some neural noise, particularly noise sources outside 
the nerve trunk (Edell et. al., 1986a), however in this case it is unlikely that the electrode 
separation (one inside and one outside the fascicle) is small enough to account for the reduction 
in neural noise. After the electrode had been implanted for six months, a connective tissue 
capsule of less than 50|im thick was observed to have formed (Lefurge et. al., 1991). It may be 
speculated that for fibres very near the tissue capsule, a significant part of the action current 
finds its way into the capsule and flows through the low resistance of the recording site, which 
is relatively large (so will have a low metal - electrolyte impedance) and situated parallel to the 
direction of the fibres. This coupled with the relatively high radial resistivity in the nerve tiunk 
(and potentially that of the capsule) would increase the potential recorded from nearby fibres 
(Malagodi et. al., 1989). Whereas with more distant fibres the radial resistivity of the nerve 
trunk, and the resistance of the capsule, would prevent significant current reaching the vicinity 
of the recording site.
2.5.5 Nerve Cuff Electrodes for Sensory Feedback in FES.
Whilst it is not intended to provide an in depth discussion of nerve cuff electrodes, their 
application to sensory feedback should be noted. A nerve cuff electrode consists essentially of a 
gross electrode that is placed on the surface (epineurium) of the peripheral nerve trunk, and held 
in place by an insulating cuff which is wrapped round the nerve trunk (Naples et. al., 1988). 
More than one electrode may be contained inside the cuff to achieve various recording / 
stimulating configurations. The insulating cuff has the properties of constraining action currents 
to flow within the peripheral nerve trunk through the length of the cuff, with relatively little
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leakage through the extraneural volume, and of insulating the electrodes from signals originating 
in the extraneural volume. Whilst nerve cuff electrodes can provide stable neural signals 
indefinitely (Davis et. al., 1978; Hoffer & Sinkjaer, 1986), the signals recorded are a weighted 
average of activity within the nerve with large fibres predominating, and contributions from 
individual sources may only be made out under special circumstances (Loeb et. al., 1980; 
Malagodi et. al., 1989; Lefurge et. al., 1991). However, at least one system is under 
development enabling an estimation of skin contact force to be obtained from a nerve cuff 
electrode (Hoffer & Sinkjaer, 1986; Hoffer et. al., 1989). This adds to the variety of recording 
techniques discussed above, and electromechanical techniques (Loeb et. al., 1980) which are 
under development to provide sensory feedback for FES.
2.6  MODELS FOR CELL - ELECTRODE COUPLING.
Having discussed recording from peripheral nerves using microelectrodes, some models of cell 
- electrode coupling are now considered to help understand the many variations observed in 
extracellularly recorded neural signals.
A model for conventional metal wire electrodes recording from peripheral nerves in acute 
preparations has already been presented (section 2.5.1), identifying four different locations for 
the microelectrode tip when recording neural signals within a peripheral nerve. To further 
analyse this, the model presented by Robinson (1968), discussed in section 2.1, may be used to 
model the electrode, and an appropriate model developed for the source, For extrafascicular 
and intrafascicular positions, the source, could be taken from a volume conductor model of 
the active fibre within the nerve. For the intracellular position, a model of the intracellular action 
potential could be used. In this case, adjustments may have to be made to the source model to 
account for the effects of the damaged membrane (eg, the signal shorting across the membrane 
at the point of damage). In the case of acute recordings made with microprobes, the probe 
substrate is too large to allow intracellular recordings to be made, however the extrafascicular 
and intrafascicular positions may still be achieved. The modifications to the model presented by 
Robinson (1968), discussed in section 2.2, may be used to model a probe in these positions.
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with a suitable volume conductor model to give the input signal,
It is loiown from modelling studies that the presence of a large insulating microprobe substrate, 
when recording neural activity in the CNS, can affect the amplitude of the recorded signal by 
constraining the flow of current. Distortion may be minimised by scaling the microprobe shank 
to the order of the radius of the soma of the cell being recorded from (Drake, 1987; Drake et. 
al., 1988). Similar studies have not been performed for microprobes in peripheral nerve 
situations; this will be addressed by the modelling studies presented in later chapters of this 
work. It is known, however, that the presence of a large insulating cuff affect the size and shape 
of signals within the nerve it surrounds (Meier, 1992). That the microprobe substrate may affect 
the amplitude and shape of recorded signals should be borne in mind when considering 
experimental results.
The presence of the large insulating shank also introduces the possibility of a coupling situation 
not addressed in section 2.5.1; ie, where the recording site is very close to, or even touching the 
fibre that it is recording from. It is likely that in this situation there will be a small pool of low 
resistivity fluid near the recording site and fibre, and the whole will be surrounded by 
connective tissue /  glia of relatively low conductivity. The spreading resistance, Rsp^ may be 
dispensed with and a seal resistance, Rseal, introduced, (the resistance of the connective tissue 
sealing the fibre to the electrode) through which current can leak away to ground. This situation 
may also occur with very small metal wire microelectrodes (with tip sizes of the order of a few 
microns, eg, in Robinson, 1968; Gesteland et. al., 1959) where the entire tip can be brought 
within the extracellular fluid pool near the cell. The situation is illustrated diagrammatically in 
Fig. 2.10.
This close coupling between microelectrode sites and the neuron has been considered for cells in 
culture on flat arrays of recording sites fabricated using IC techniques (Curtis et. al., 1992; 
Grattarola & Martinoia, 1993), and other thin-film electrodes where the recording site can be 
placed onto the cell membrane (Regehr et. al., 1988). The system may be considered to be 
similar to loose patch recording, in which the tip of a fluid filled glass microelectrode is brought
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into contact with the cell membrane. This attaches to the glass forming an electrically resistive 
seal, of the order of a few MO, between the glass rim of the electrode and the cell membrane 
(Regehr et. al., 1988). Applying suction at this point would form a tight, or gigaohm, seal; 
sticking the electrode tip to the membrane. Alternatively, the electrode could be advanced 
through the membrane for intracellular recording (Kuffler et. al., 1984). The seal impedance of 
the loose patch is assumed to be the impedance of the thin film of fluid between the cell 
membrane and the glass tip of the pipette.
Fluid pooling around probe. 
Recording site.
- a ^ Ê Ê Ê K m ibre. «Probe shank
(a)
Electrode tip in damaged tissue near node.
# « # # #
(b)
Fig 2.10 Diagram of situations in which the microelectrode recording site is close enough to seal to the nerve fibre, (a) Microprobe 
(shown in cross section), (b) Metal wire microelectrode with very small tip. In both, the electrode is shown to be close to a 
node of Ranvier of a myelinated fibre. Analogous diagrams could be drawn for unmyelinated fibres.
An electrical model for this kind of intimate recording from the neuron is presented in fig 2.11. 
This was adapted from those of Regehr et. al. (1988, 1989) and Grattarola & Martinoia (1993). 
The cell membrane source is left unspecified since recordings could be made from a node of 
Ranvier or a segment of unmyelinated fibre. The works referenced provide a model of the cell 
membrane; either a multichannel model (Regehr et. al., 1988) or a Hodgkin and Huxley (1952) 
model (Grattarola & Martinoia, 1993). The resistance of the fluid between the electrode and the 
cell has been assumed to be negligible due to the very small distance. Regehr et. al. (1988, 
1989) ignored this resistance for their electrode, whereas Grattarola & Martinoia (1993) 
included a resistance labelled as Rsp, although a value has not been cited for this component.
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Re
Rm
Signal I Source. CshRseal
Fig 2.11 Electrical model of a inicroelectrode recording from a neuron 
that is (virtually) in contact with the recording site. Rseal is the seal resistance of tissue around the electrode and cell; other components are the same as in previously described models of microelectrode recording (sections 2.1 and 2.2).
Grattarola & Martinoia (1993) present the results of simulations for a microelectrode with an
area of 100|um^ and sealing resistances of 1, 10 and 50Mf2. The range of 1 to lOMQ
corresponds to that experienced by Regehr et. al. (1988), whereas the 50MQ seal resistance 
corresponds with the estimated resistances of intracellular clefts (Robinson, 1968; Drake, 
1987). The amplitude of the recorded signal predicted by this model varies from 400|J-V to 3mV 
pk-pk over the IMO to 50MO range of Rseal. The amplitude at lOMO appears to be a little 
under 2.5mV. These values compare reasonably well to the recorded signal presented by Regehr 
et. a l (1988) for a 4MQ seal, which appears to be 1.25mV pk - pk. The recorded and predicted 
signal shapes differ, however this may be a function of the recording apparatus employed. 
Curtis et. al. (1992) suggested that with good seals between cultured neurons and extracellular 
recording electrodes, signals of 5 to lOmV could be obtained. Regehr et. a l (1989) reported 
signals of up to 3mV pk-pk recorded from cultured neurons grown over an electrode array, with 
seal resistances in the order of a several MCt.
In the literature collected for this work there is anecdotal evidence that recording sites have to be 
small and of relatively high impedance for good single unit isolation when recording from the 
brain (Robinson, 1968; Snodderly, 1973; Wise & Angell, 1975; Reitboeck, 1983; Eichenbaum 
& Kuperstein, 1986). Starr et. al. (1973) suggest that small recording sites are better able to 
record large potentials due to their ability to sample currents flowing in the extracellular clefts 
more effectively. This would only be a virtue of metal wire electrodes, or recording sites
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projecting from the substrate. Snodderly (1973) reports that signals recorded using metal wire 
microelectrodes can be as large as a few mV, and Mountcastle et. al. (1991) report signals 
ranging up to ImV using electrodes with impedances in the order of 4MQ, when recording 
from the brain. Others report signals apparently in the 100 to 200|iV range (Salcman & Bak, 
1973; Reitboeck, 1983; Buzsaki et. al., 1989) with tip impedances of below IMO.
It may be anticipated that sealing may be more likely to occur with small recording sites (of a 
similar size to the cell being recorded from), however it is not possible to implicate sealing of 
one form or another in the recording of such large (> 500jxV) signals using extracellular 
microelectrodes without doing a full literature search and investigation. It may also be suggested 
that the presence of a microprobe shank may promote sealing since the shank offers a large area 
to seal with. Additionally, the presence of a large shank may be expected to amplify the recorded 
signals and attenuate signals from cells behind the shank (Drake, 1987; Drake et. al., 1988). 
This suggests that recordings made by probes near to a source may include reduced background 
neural noise, and contain large single unit signals.
2 .7  CHRONIC IMPLANTATION SITUATIONS.
Whilst the present work only considers acute recording, future work will involve chronic 
implant experiments. Additionally, some work by others involving chronically implanted 
devices is mentioned in this thesis. It is therefore useful to summarise neural tissue reactions 
observed around chronically implanted electrodes, particularly silicon based devices, as 
described in some of the literature mentioned previously in this chapter.
In the case of chronic implants, the microelectrode structure is typically surrounded by a layer of 
multineucleated giant cells and connective tissue (Edell et. al., 1982; Edell, 1986; Drake, 1987; 
Drake et. al., 1988; Rutten et. al., 1988; Lefurge et. al., 1991; Edell et. al, 1992). This will 
affect the signals recorded compared to acute preparations. It should be noted that the electrical 
properties of the connective tissue and giant cells encapsulating the device are unknown at 
present, and it is only possible to speculate upon their effects.
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For regeneration electrodes implanted in rabbit peripheral nerves, it has been noted (Edell e t al, 
1982; Edell, 1986) that for chronic implants (over a year) a capsule of connective tissue can be 
observed around the device. There was some 20 to 30|J,m of connective tissue between the 
axons and the device on the proximal side of the implant. Within the slots through the implant 
some 10 to 20jum of connective tissue could be observed, and on the rough back side 40 to 
60jam was seen. Hyperfasciculation of the regenerated axons was also observed; axons were 
separated into many small groups, each group surrounded by a thin connective tissue sheath. 
This may have some influence on the selectivity of the device (Edell, 1986). It has been 
hypothesised (Edell, 1984) that recording sites intercepting one of these small fascicles may 
record larger signals than expected whereas recording sites outside such a fascicle would record 
smaller signals than expected. However since the entire device was surrounded by a connective 
tissue capsule it is unlikely that any recording site would be within less than 10p,m of axons 
within such a fascicle. In the case of very small 8 to 14p diameter via holes through the 
regeneration electrode (eg, Kovacs, 1990, 1991; Kovacs et. al., 1992), the regenerated fibres 
must travel much closer to the recording sites than in the case of slotted devices.
In chronic implants in the brain (Drake, 1987; Edell et. al., 1992), microprobes appear to be 
surrounded by multinucleated giant cells. Edell et. al. (1992) define a kiU zone around the shank 
of the probe within which healthy neurons cannot be observed. The size of the kill zone appears 
to be partly dependent, at least, on the movement of the shank during insertion. With minimal 
movement, kill zones of less than lOjum were achieved. Healthy neurons were observed within 
close proximity of the inserted probes and occasionally in contact with the capsule layer around 
the implants, six months post implantation. It is likely that the tissue around the probes, in the 
brain, forms a tight seal with little (or no) pooling of extracellular fluid around the probe (Drake, 
1987; Drake et. al., 1988), other than may be expected in intracellular clefts.
Intrafascicular electrodes implanted over a period of six months have been observed to be 
surrounded by a relatively thin layer of multinucleate giant cells and alternating layers of
collagen and fibroblasts, less than 50|Lim thick overall. At least 10 A a  fibres were observed
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within 65|üLm of the electrodes themselves, even in cases where there were less than 10 
recordable units at 6 months. (Lefurge et. al., 1991). It has been suggested that electrodes in 
smaller fascicles will record larger signals than expected due to the relatively high impedance of 
the perineurium helping to confine current flow to within the fascicle. (Malagodi et. al., 1989). 
It may also be noted that recording with one electrode outside the fascicle produced similar 
results to when two electrodes were within the fascicle.
Rutten et. al. (1988) reported similar tissue reactions to the shanks of microprobes broken off 
and implanted for up to 8 weeks in the peroneal nerve of the rat. A layer of multinucleate giant 
cells, or tightly coupled glial cells, surrounding the implant is always reported, however a 
connective tissue capsule around this was not reported in brain implants (Drake, 1987; EdeU et. 
al., 1992), or in the case of Rutten et. al, (1988) for microprobe shanks implanted in peripheral 
nerves for eight weeks. Some reduction in myelination has been observed in fibres close to 
implanted intrafascicular electrodes (Lefurge et. al., 1991) and microprobe shanks implanted in 
peripheral nerves (Rutten et. al., 1988). In the latter case, some mast cell proliferation was also 
noted. No axon destruction was observed by Rutten et. al. (1988) however Lefurge et. al. 
(1991) noted some regenerating axons in a few cases.
Inflammation reactions, adhesions and probably a slight increase in connective tissue was 
observed in the perineurium and epineurium by Rutten et. al. (1988). Lefurge et. al. (1991) 
noticed an increase in endoneurial connective tissue and a reduction of the incidence of 
myelinated axons near the surface of the tissue capsule that surrounded the implant.
2.8  EXPECTATIONS FOR ACUTE MICROPROBE RECORDINGS 
FROM PERIPHERAL NERVES.
Sections 2.5.1 and 2.5.5, above, only consider a small fraction of the published work on metal 
wire microelectrode recording from peripheral nerves and nerve cuff recording. Very little work 
reporting microprobe recording from peripheral nerves (section 2.5.2) appears to have been 
published. Although much work on CNS recording with microprobes exists, this has not been
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discussed since the emphasis in the present work is on peripheral nerves. The work discussed 
in 2.5.3 and 2.5.4, regeneration and intrafascicular electrodes, considers a substantial 
representative cross section of the published literature in these areas.
Bearing in mind the limitations of the area of literature discussed in sections 2.5 and 2.6, it is 
possible to to suggest what sort of cell - electrode coupling may be expected in acute recordings 
from peripheral nerves using microprobes, and how this may reflect upon the signals recorded.
9 Small area recording sites, of the same order of size as an axon 
diameter, would generally be expected to record signals of the order of 
20 to 100|xV amplitude from axons very close (within one or two axon 
diameters) to the electrode site.
• Larger recording sites may be expected to record from a number of 
nearby axons, but greater background neural noise may be expected.
• Some degree of sealing, enabling potentials up to about 1 mV 
amplitude to be recorded fi'om small axons, may be anticipated 
although this is likely to be rare.
• The probe shank may be expected to have an amplifying effect on 
fibres very close in front of it. However whether it will reduce neural 
noise from fibres behind it or have other amplifying effects is 
uncertain from the published literature, and cannot be inferred since 
the longitudinal spread of the action potential along the fibre is likely to 
be a significant factor.
• Fluid pooling around the shank of the probe is not expected to be a 
problem, although the small diameter of the nerve trank may make it 
relatively more severe than in the cases discussed above.
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• Large action potentials from large fibres (eg, the locust’s FETi) may be 
expected to be recorded at all sites, even for very small recording sites.
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CHAPTER 3. 
THE LOCUST’S NERVOUS SYSTEM.
The animal model used for this work was the adult migratory Locust (Locusta migratoria 
migratorioides. Fig 3.1), both male and female specimens. These were purchased in packs of 5 
from Blades Biological (Cowden, Edenbridge, Kent). The locusts were kept in a cylindrical 
glass tank, 23 cm high by 25 cm diameter, with a metal mesh over the top. Heat was supplied 
by the 60 watt bulb of an angle-poise lamp, and fresh grass was supplied daily (Fig 3.2). 
Locusts were taken from the tank as required.
Tibia.
Forewing covering hind wing.
Approx. 1cm
Head.
Metathoracic
Femur. ^
Thorax. Antenna
2nd ses. 1st seg
Abdomen.
Mesothoracic leg Prothoracic
Fig 3.1 Male locust viewed from the right side. From Thomas ( 1963).
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60W Bulb.
Mesh.Ô
Grass.•^Twigs.
Glass tank.
Diagram illustrating the accommodation in which locusts were kept until required for experimentation.Fig 3.2
3.1  GROSS ANATOMY OF THE LOCUST’S NERVOUS SYSTEM.
The central nervous system of the locust consists of a brain and a number of ganglia situated 
ventrally. These are connected by a paired nerve cord (Fig 3.3).
Fig 3.3
b
cc
10 cm
Diagram of the CNS of the locust, from Burtt & Catton (1954). A is dorsal view, and B lateral, b, brain; cc, 
circumoesophageal connectives; sg, suboesophageal ganglion; thl, th2, thS, prothoracic, mesothoracic and metathoracic ganglia (respectively); ag, abdominal ganglia.
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)cm.
Fig 3.4 The posterior region of the central nervous system of an adult male locust, viewed from the dorsal aspect. From Cook (1951).
The ventral nerve cord is made up of eight ganglia. Each segment of the thorax contains its own 
thoracic ganglia each of which supplies its own segment with nerves. The third thoracic 
(metathoracic) ganglion also supplies nerves to the first three abdominal segments, and 
represents the fusion of four ganglia (Fig 3.4). The general anatomy of the locust’s nervous
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system has been described by a number of authors (Albrecht, 1953; Campbell, 1961; Thomas, 
1963). Most of the microelectrode recordings presented in this work were made either from the 
large nerve supplying the metathoracic leg (nerve 5b by the notation of Campbell, 1961) or the 
ventral nerve cord between the metathoracic ganglion and the first abdominal ganglion.
The metathoracic ganglion is shown in more detail in Fig 3.5. Of the nerves depicted in Fig 3.5, 
Albrecht (1953) describes the general innervation patterns of nerves 1, 3, and 5. Nerve 1 
supplies the hindwings. Nerve 3 supplies various areas of the metathorax (the muscles and 
hypodermis, according to Albrecht). Nerve 5 supplies the metathoracic leg. Nerve 5 splits into 
two branches very close to the ganglion; 5a and 5b. Nerve 5b is the larger of these two branches 
(nerve 5a is very small), and is important in that it carries the axon of the fast extensor tibiae 
neuron (FETi) which is involved in the locust jump. A branch of nerve 3, nerve 3b, also 
supplies axons to the extensor tibiae.
Connectives to D(xsal.
mesothoracic ~~ ^  A
ganglion. ^  AnteriorT^^
Nerve 1 # Connectives to 1st
L  I .q^^^abdom inal ganglion.
Nerve 2 . " ^  /  lA IW  \/  j  à\ à  '^Ç^Tergal nerve to 1stNerve 3. ^  T  abdominal segment.
(3b) I  Nerve 5b.
Nerve 4.
Fig 3.5 Diagram of the metathoracic ganglion, showing some of the larger nerve trunks. Some nerves supplying the abdominal region are often enveloped in the fatty tissue which surrounds the posterior pair of connectives, and these do not appear under the microscope as individual nerve trunks.
3 .2  MICRO ANATOMY OF INSECT NERVOUS SYSTEMS.
The general microanatomy of the insect central nervous system (CNS) is described by Huber 
(1974). There are four divisions to an insect ganglion: a fibrous sheath, the neural lamella, built 
of collagen like material and polysaccharides; a cellular layer, the perineurium; the area where
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neuron and glial cell bodies are situated (cortical layer); and a central complex containing nerve 
fibre processes, the neuropile. (Fig 3.6).
ax
Fig 3.6 Diagram illustrating regions within an insect ganglion. From Huber (1974). NL, neural lamella; PN, perineurium; CL, 
cortical region; NP, neuropile. The cell bodies of neurons are marked pk. Many axons are illustrated; individual axons ensheathed in glial cells are marked ax. tr is a tracheol.
Bullock & Horridge (1965) describe the neural lamella of arthropods as concentric lamellae with 
a “fibrous reinforcement of some polysaccharide”. At least 10% to 20% of this layer appears to 
be collagen, Pichon (1974) describes the neural lamella of insects as consisting of collagen 
fibrils embedded in a polysaccharide matrix. Hoyle (1974) describes the lamella as comprising 
mucopolysaccharides and a collagen like protein. The neural lamella and perineurial layer are 
permeable to ions, however there appears to be some method to regulate the ionic contents of. 
the extracellular fluid within the nervous system. This could be achieved by active transport
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across the lamella / perineurial cells (Hoyle, 1974), or by regulation by glial cells (Huber, 
1974). Hoyle (1974) suggests that an effective diffusion barrier between the nervous system 
and hemolymph is provided by a fine tracheolated membrane which surrounds the neural 
lamella, and /o r  a continuous layer of fat cells that is often found enveloping the whole. For the 
purposes of the present work the combination of perineurial cells, neural lamella, tracheolated 
membrane, and the surrounding fat, will be referred to as the neural sheath (or nerve sheath 
when related to nerve trunks).
The cortical region underlying the perineurial cell layer is composed of the cell bodies of motor 
neurons and interneurons, and is sharply demarcated from the neuropile (Fig 3.6). These 
neurons are generally unipolar with the axonal process leaving the cell body and entering the 
neuropile. The axonal process synapses with other fibres within the neuropile before leaving the 
ganglion by a nerve trunk or one of the ventral connectives. The axonal processes may branch 
within the ganglion and leave via more than one nerve trunk. The cell bodies of sensory neurons 
are generally located in the periphery, and the axonal process enters the ganglion via a nerve 
trunk to synapse in the neuropile with other nerve fibres (Huber, 1974).
The neuropile itself is a complex tangle of intertwined nerve fibres. It is here that synapses 
occur between nerve fibres, and the neuropüe is considered to be the centre of neural integration 
in the nervous system. Glial cell processes from the cortical layer also extend down into the 
neuropile forming mesaxons which envelop individual axons, or groups of axons. Axons may 
be separated fi'om each other by gaps of about 100Â to 150Â (Huber, 1974).
Insect sensory neurons are typically bipolar (Fig 3.7), and situated peripherally. Signals are 
transduced into a short dendritic process, which may be incorporated into a special sensory 
organ. Sensory information is communicated to the central nervous system via the axon which 
enters the neuropile of a ganglion. The axon may branch within the neuropile, synapsing with 
motor neurons and intemeurons (Huber, 1974).
54
Chapters. The Locust’s Nervous System.
. J
Dendritic branch (may be included in a specialised end organ).
Cell body.
Axon.
Axon enters CNS and bifurcates into ascending and descending branches.
Fig 3.7 Diagram of a bipolar sensory neuron. After Bullock & Horridge (1965).
Huber (1974) relates a description of a general insect motor neuron, as illustrated in Fig 3.8a. 
The cell body is electrically inexcitable (non spiking). The axon is narrow as it enters the 
neuropile, but widens and branches prolifically within the neuropile. Signals from other nerve 
cells are communicated to the neuron via synapses onto these dendritic branches. The axon 
narrows before leaving the neuropile (ganglion), and it is suggested that action potentials are 
initiated at this point. The action potentials then propagate along the impulse conducting 
(electrically excitable) axon in the nerve trunk.
G william & Burrows (1980) studied the electrical properties of the membrane of the locust’s 
fast extensor tibiae (FETi) neuron. Propagating action potentials can be initiated in the FETi by 
depolarisation of the cell body, which also registers low amplitude action potentials from 
antidromic spikes initiated in the muscle innervated by the FETi. The FETi itself conforms to the 
same morphology as the general motor neuron just described. Gwilliam & Burrows (1980)
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concluded from their study that the spike initiating zone of the FETi lay within the arborised 
section of the axon, rather than where it narrows before leaving the ganglion. A diagram of the 
FETi (after Gwilliam & Burrows, 1980) is shown in Fig 3.8b; this has been annotated with data 
on the velocity, amplitude, and half height duration of the intracellularly recorded action 
potential, measured for various portions of the cell by Gwilliam & Burrows (1980).
Ganglion.
Neuropile.
Electrically inexcitable.
Impulse conducting.
I Impulse 
initiation 
region.
(a)
Pk: 25.1 mV 
HHD: 3.01 ms
Neuropile. Nerve trunlc.
Axon.
Spike initiating zone.Cell body.
PV: 0.54 m/s 
Pk: up to 70 mV
(b)
PV: 0.8 m/s PV: 4.1 m/s 
Pk: 66 mV 
HHD: 1.02 ms
Fig 3.8 (a) Diagram of a general insect motor neuron, from Huber (1974). (b) Diagram ofthe locust FETi neuron from Gwilliam & Burrows (1980). Propagation velocities (PV), peak amplitudes (Pk) and half height duration (HHD) of the intracellularly 
recorded action potential, reported by Gwilliam & Burrows, have been added.
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Bullock & Horridge (1965) describe the variety of glial cell wrappings (sheaths) found around 
invertebrate axons. The following paragraph concerns sheaths investing nerve fibres, and not 
the sheath around the nervous system (nerve trunks and ganglia) that was previously discussed. 
In subsequent chapters of this thesis, only the neural (nervous) sheath will be referred to. 
Discussion of fibre sheaths is included here as background to the general structure of the nerve 
trunks.
According to Bullock & Horridge (1965), fibres may be devoid of any sheath (naked); as for 
most axons less than 0.5|im diameter in peripheral nerves, in many central axons, and in 
coelenterate axons. Fibres of Zqm diameter or less commonly share a single ghal cell with other 
fine fibres. These fibres may be enclosed in an invagination of the cell alone, or may be grouped 
with other fibres into a single invagination (similar to Fig 2.4). Other fibres may be referred to 
as loosely sheathed. There are several configurations of loosely sheathed fibres; glial cells may 
form a shingle-like covering, or a series of concentric lamellae by overlapping or intertwining 
their processes. Single sheathed fibres (ie, with a single glial cell in one cross section and no 
lamellae) are common in the peripheral and central nervous systems of many groups. Most 
axons over 10|im diameter wül have something more than the simple axon-glial contact, which 
is typical of axons below 10|im. True myelinated fibres (Fig 2.5) appear to occur extremely 
rarely in invertebrates. From the discussion presented by Bullock & Horridge (1965), it seems 
reasonable to expect that most nerve fibres in the locust peripheral nerve will share a glial cell 
with other fibres, or be single sheathed fibres. As well as glial cells, the axons within the nerve 
trunk are embedded in a “feltwork of tracheae” (Hoyle, 1955).
The sheath around nerve trunks in the locust is structured as already described for the ganglion. 
Hoyle (1974) suggests that there is often a continuous layer of fat cells enveloping the whole. In 
the present work with mature adult locusts, fat was very much in evidence around the ventral 
nerve cord and ganglia posterior of the metathoracic ganglion, as well as the posterior margin of 
the metathoracic ganglion itself. During experimental work, fat surrounding the metathoracic 
ganglion and the nerve tmnks arising from it was not particularly obvious; so it may be assumed
57
Chapters. The Locust's Nervous System.
that this fat layer was relatively thin. The first locusts were taken from the tank after two or three 
days, having been allowed the time to become accustomed to the environment. Consequently, 
even if the specimens had been received immediately after ecdysis, there was time for them to 
develop fat bodies. Most of the locusts used in the present work had a considerable amount of 
fat surrounding their nervous systems.
Figure 3.9 shows the nerves arising from the metathoracic ganglion of a locust after being used 
in recording work. The specimen was stored in absolute alcohol for approximately two weeks 
prior to the photograph of Fig 3.9. This served to dehydrate the tissues and whiten the neiwes 
making them more easily visible. Some tissue is in evidence clinging to the nerve trunks, which 
may be tentatively identified as fat. This provides some additional evidence to a fatty sheath 
around the nerves.
Fig 3.9 Photomicrograph of nerves arising from the metathoracic ganglion of a locust.
The specimen was stored for two weeks in absolute alcohol prior to this photograph. Some of the nerve trunks were penetrated with a microprobe during experimental work. Tissue (presumably fat) is in evidence clinging to the nerve trunks. An insect pin (550|xm diameter) is included for scale comparison.
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In the early stages of the work at Surrey, metathoracic nerve 5b was dissected out of a locust 
that had been preserved in formal alcohol (supplied by Blades Biological), and measured. The 
diameter of the nerve trunk was found to be approximately 200p.m. The nervous system of a 
locust was also dissected out and embedded in a block of wax, and sections were cut for 
examination under the optical microscope. It was found to be exceedingly difficult to identify 
individual nerve fibres from the slides produced, however, so this examination was abandoned. 
Also, the nerve sheath proved to be too tough to enable individual fibres to be separated from 
nerve trunks with any particular success.
The extensor tibiae muscle of the locust’s metathoracic leg is supplied by a number of motor 
nerve fibres. These have been identified and traced to the cell bodies in the metathoracic 
ganglion from which they arise. Action potentials of the three largest of these can be recorded 
extraneurally by electrodes hooked around the appropriate nerve trunk, (eg, as in Hoyle, 1955). 
These are the fast extensor tibiae (FETi) neuron, which can be recorded from using electrodes 
placed on nerve 5b, and the slow extensor tibiae (SETi) and common inhibitor (Cl) which can 
be recorded from with electrodes placed on nerve 3b. (Hoyle, 1955; Hoyle, 1978). That activity 
of these fibres can be distinguished in extraneural records suggests that these fibres are the 
largest in the nerve trunks being recorded from. Hoyle (1955) measured these axons in the 
metathoracic leg of Locusta (Table 3.1); the axons being oval in cross section at that point. In 
measurements made by G william & Burrows (1980) the FETi of the locust Schistocerca 
americam gregaria was found to be of about 15pm diameter in nerve 5.
Axon. Long axis. Short axis.(pm) (pm)
FETi 10-13 7-9SETi 9-12 7-8Cl 5-6 5-6
Table 3.1 Diameters of identified axons in the metathoracic leg of the 
locust {Locusta), reported by Hoyle (1955). A gradual 
reduction of diameter along the length of the nerve is noted.
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Four large (giant) fibres can be found in each of the ventral nerve cords in the abdominal region 
of the locust. Cook (1951) has reported the dimensions of these in Locusta as shown in table 
3.2. The majority of fibres in the cord are less than 5pm diameter, and Cook also notes regions 
with low axon densities.
Measurement taken in cord Fibre diameter (pm).between ganglia: 1 2 3 4
abdominal 5 & abd.4 15.2 14.2 12.6 8.9abd. 4 and abd. 3 15.7 15.7 13.6 8.7abd. 3 and abd. 2 14.7 13.6 14.7 9.4abd.2 and abd. 1 13.6 12.1 12.1 9.4abd. 1 & metathoracic. 11.0 9.4 9.4 7.9
Approximate average. 13 12 12 8.5
Table 3.2 The size of the giant fibres reported by Cook (1951) in the abdominal region of the locust’s CNS.
Based on these descriptions, it seems reasonable to assume that the majority of fibres within the 
peripheral nerve trunks under investigation will be less than 5 pm in diameter.
USherwood & Runion (1970) report potentials with amplitudes of 50pV to 60pV, identified as 
originating from the SETi, recorded by electrodes placed on nerve 3b in the metathorax. The 
corresponding amplitude for potentials originating from the Cl (same recording position) was 
20pV to 25pV Antidromic single fibre action potentials recorded extraneurally from nerve 5b 
by Hoyle (1953), using a single hook electrode referenced to ground, were triphasic with a 
negative phase of about lOOpV. For these recordings (Hoyle, 1953), the fluid surrounding the 
nerve trunk was sucked away. The intraneural extracellular spikes recorded from the FETi in 
nerve 5b by Gwilliam & Burrows (1980) appeared to be as large as 1.76mV peak to peak, 
based on the traces presented.
3 .3  DISCUSSION AND SUMMARY.
Based on the literature considered, much of the space between nerve fibres in insect nerves
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appears to be filled by glial cell cytoplasm (Bullock & Horridge, 1965). This is contrasted to 
mammalian peripheral nerve, in which the nerve fibres are surrounded by epineurial tissue of 
fibroblasts and collagen fibrils (Sunderland, 1978). The presence of glial cells and the feltwork 
of tracheae may provide some impedance to the flow of action potential currents parallel to the 
direction of the fibres. This may be expected to reduce the ratio of longitudinal to radial electrical 
conductivity of the invertebrate nerve trunk compared to the ratios found in other tissues 
consisting of parallel fibres (Geddes & Baker, 1967). Some degree of anisotropic conductance 
should still be expected, however this is likely to be towards the lower end of the scale observed 
in other animals. In this case, the locust will be a worse case model when attempting to make 
selective recordings.
The innervation pattern of the flexor tibiae muscle appears to be slightly different between 
Locusta and Schistocerca, according to Hoyle (1978); in respect to the distribution of the SETi 
and Cl axons. The FETi of Schistocerca appears to be a little larger than that of Locusta, and 
also appears to have a slightly higher propagation velocity (4.1 m/s, range 3.4 to 4.2 m/s - 
Gwilliam & Burrows, 1980; cf. 2.2 m/s, range 2.2 to 2.7 m/s - Hoyle, 1953, 1955, 1974). 
Gwilliam & Burrows (1980) report considerable variation in the properties of the action 
potential depending on the recording point (Fig 3.8b). Pearson et. al. (1970) suggest that there 
is some variation of membrane properties of axons within a nerve trunk (related to fibre 
diameter), which also affects propagation velocity and duration of the action potentials.
From the above, it is possible to summarise some expectations and assumptions:
• The majority of axons within the nerve trunk recorded from in this 
work (metathoracic nerve 5b), should be expected to be of less than 
5|Lim diameter, with the exception of the FETi which will be of 13|Lim 
to 15 |im  diameter.
• Extracellular, intraneurally recorded signals may be expected to range 
up to as much as 1.7mV (this corresponding to the FETi).
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• The unmyelinated fibres would be expected to have larger extracellular 
action potentials than equivalent diameter myelinated fibres. This is 
because a larger area of the cell membrane is involved, resulting in 
larger currents. This wül contribute to poor selectivity in recordings.
• It is unlikely that signals from giant fibres wül be selectively recorded.
These may even swamp smaller signals that will be selectively 
recorded.
• It may be assumed that the electrical resistivity of the nerve trunk 
measured parallel to the direction of the fibres would be greater than 
for a comparable vertebrate nerve trunk.
• The expected low ratio of longitudinal to radial conductivities of the 
locust nerve trunk will mean that action currents will spread further 
radially than for tissues with a higher ratio. This will result in signals 
being detectable at a considerable radial distance from the active fibre, 
and wül contribute to poor selectivity in recording.
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CHAPTER 4. 
CONVENTIONAL RECORDINGS.
A conventional metal wire microelectrode was used to make extracellular intraneural recordings 
from locust peripheral nerve. This was done to develop experimental techniques for use with 
microprobes, and to provide results for comparison with the microprobe recordings and 
modelling work discussed in later chapters. Gold wire was chosen for the conventional 
microelectrode described in this chapter, since gold is inert in physiological saline and has good 
electrical properties as an electrode material (Wise et. al., 1970). Gold was also chosen as the 
recording site material for the microprobes to be described in chapter 5. Twenty five micrometer 
diameter gold wire was readily available at Surrey, and so this was used. Thinner wire would 
have been extremely difficult to handle and insert into tissue, whereas thicker wire would have 
produced electrodes with recording sites significantly larger than the 8(Jim by 8qm recording 
sites on the microprobes used (chapters 5, 8). There was some initial concern that the gold wire 
may not be stiff enough for this work, however this was overcome by keeping the unsupported 
length of wire short, and by abrading the surface of the nerve to facilitate insertion.
4.1 THE GOLD WIRE MICROELECTRODE.
A sketch of the overall layout of the gold wire microelectrode is given in Fig 4.1. The electrode 
was fabricated on a piece of copper-clad board, approximately 2 cm by 14 cm, which forms a 
ground plane. A glass coverslip (No 0, 22 by 22 mm) was coated on one side with 76% Au, 
24% Sb (this was used because it was readily available at the time, but gold is preferable), by 
evaporation. The gold coated side was then affixed to the board such that the gold made contact 
with the copper, with one corner of the coverslip projecting from the end of the board. 
Conductive silver paint was used to ensure good electrical contact, and the edges of the joint
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were sealed using epoxy. The gold on the coverslip acts as a reference electrode and ground 
plane. The other end of the board was then masked off, and a layer of lacquer (RS clear lacquer) 
was sprayed on to insulate the copper.
EnamelledCopper
Wire.
Op-Amp IC
47M Resistor 
(R3).
LacquerInsulation.
Power
Leads.
Conductive 
Paint.
BareCopper.
Signal
Leads.
Gold Coated 
Coverslip.
ShortingLink.
Copper Clad Board.
Epoxy Over 
Gold Wires.
Electrode Tip.
Fig 4.1 Sketch of completed gold wire inicroelectrode.
The 25|Lim diameter wire of the microelectrode was insulated using thinned polyurethane 
varnish; the ratio of varnish to thinner was determined by testing the thinned varnish on a spare 
piece of wire, and adding more thinner until the wire could be coated uniformly with no beads 
forming. The insulated wire was then attached to the coverslip with epoxy so that about 1 cm 
projected either end. The insulation on the wire projecting over the lacquered copper was 
scraped off with a razor blade, and conductive silver paint was used to attach this to a thicker 
gold wire which, in turn, was attached to a shorting link. This was done because long lengths 
of the 25jim  wire are fragile, and difficult to work with. The thicker wire was insulated and 
attached to the lacquered copper using fast setting epoxy (Fig 4.1). Prior to first use, the 25|Lim
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diameter electrode wire would be trimmed so that less than 1mm projected from the coverslip; 
the cut end forming the recording site. It was desirable to delay the trimming for as long as 
possible since the longer length was easier to re-insulate if it was damaged. If the wire projected 
more than about 1mm from the coverslip, however, it was too flexible to insert into
the nerve trunk.
A headstage amplifier circuit (similar to that described by Millar, 1992), Fig 4.2, was 
constructed on the bare copper end of the board using the ‘dead-bug’ approach, which is often 
used for prototyping RF circuits. Power was supplied via three twisted wires, and the output of 
the op-amp taken off by twisted pair. The link (LKl) facilitates access to the electrode or the op- 
amp, for testing, and may be replaced by a decoupling capacitor should this be desired.
Twisted.
Toelectrodetip.
Fig 4.2
“ +V - -V 
-GND
18k
-ér R1 
LKl
R2
ICI Out (twisted).
R3 47M
Circuit diagram for the headstage amplifier. ICI is an OPA121KP, with pin 7 connected to +9V, pin 4 to -9V and pin 8 to GND.
The OPA121KP specified is a high quality, low noise operational amplifier. Since the headstage 
amplifier is the first gain stage of the instrumentation, it wül contribute the majority of the noise 
arising from the instrumentation itself. Further, as the 0PA121 is a low noise amplifier, one of 
the major sources of noise in the headstage wül be the 47MÜ! resistor (R3, Fig 4.2). A second 
important feature of the OPA121 is the extremely low input bias currents (typicaUy ±lpA; Burr- 
Brown IC Data Book). These are DC currents and would cause polarisation at the recording site 
if allowed to flow through the metal - saline interface (chapter 2). For a 25|im diameter 
recording site the equivalent DC resistance of the metal saline - interface (for small polarisation
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potentials), Re « 3TQ; from eqn. 2.11. The input bias currents of the OPA121 flowing through 
this would produce an polarisation potential an extremely large polarisation potential, probably 
with undesirable electrochemical activity. However, the 47MQ resistor (R3) provides an 
alternative path for these currents to flow to ground. The 47MO resistor also acts to attenuate 
DC baseline drift that has been observed to occur at the metal - saline interface. These potentials 
may be as much as ±50mV (Najafi & Wise, 1986).
The extracellular signals were expected to be about lOOjiV to ImV amplitude, and have major 
frequency components in the lOOHz to lOkHz range (sections 2.8 and 3.3). It was therefore 
desirable that R3 (Fig 4.2) be as large as possible compared to the AC impedance of the 
recording site, to maximise the amplitude of the signals appearing at the input of the amplifier. 
This was compromised with the need to make R3 small to reduce the noise contributed by the 
resistor, and to attenuate DC signals to maintain a stable DC baseline. The 47MQ value 
suggested by Millar (1992) was initially implemented, and found to be adequate for this work. 
For worst case metal - saline impedances of lOMO (at IkHz), approximately 82% of the 
original signal would appear at the input of the amplifier. The magnitude of the metal - saline 
impedance at IkHz was expected to be less than this for both the gold wire microelectrodes and 
microprobes used in the present work; about IMO for the 25jam diameter gold wire 
microelectrodes (below), and 8.4MQ for 8|im by 8|am microprobe recording sites (section 5.5).
The tip impedance of the 25|xm diameter gold wire microelectrodes may be estimated as the 
impedance magnitude of the capacitive component of the metal - saline interface. Ce:
From eqn. 2.12,
Ce ^8.9x10-^^ A ! dj eqn. 4.1.
Where dj is of the order of 2 to 4Â, and
A = Ttf  ^ eqn. 4.2,
A ~ 4,909x10'^^ m? eqn. 4.3.
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Giving, for dj = 2Â to 4Â:
Ce -218  to 109 pF eqn. 4.4.
At IkHz, the impedance represented by is:
/ I ~ 1 ( CO Ce eqn. 4.5
I I -=0.729 to 1.46 MÜ  eqn. 4.6.
4 .2  ELECTRICAL TESTING OF CONVENTIONAL 
MICROELECTRODES.
The tip impedances were measured by a method analogous to that of Meder et. al. (1973). The 
procedure is intended to gauge whether or not the impedance magnitude of the electrode is 
between 1MS2 and lOMQ at IkHz. Outside this range will indicate either a fault in the 
insulation, or an open circuit. The tip impedances of these gold wire microelectrodes were 
expected to be of the order of IMO at IkHz (eqn. 4.6); and according to Robinson (1968), the 
measured impedance at IkHz is adequate to characterise the tip impedance over the lOOHz to 
lOkHz range commonly used in extracellular neural signal recording. The measurement system 
works by comparing the impedance of the microelectrode with the input impedance of the 
oscilloscope. The equipment set up is shown in Fig. 4.3, and the testing procedure is 
summarised in Table 4.1.
Of four microelectrodes manufactured for this project, only one was found to be defective, with 
a short circuit between the electrode and ground. The impedances of the gold wire 
microelectrodes was measured to be of the order of 2 to 3 Mfl at IkHz. The discrepancy from 
the estimated maximum value of 1.46MO (eqn. 4.6) may be due to the approximate nature of 
the model, but equally may be due to signal attenuation within the microelectrode structure and 
recording set-up. The 2 to 3 MQ range is close enough to the estimated value to demonstrate
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that the microelectrode was satisfactory for this purpose.
OscilloscopeSignal Generator.
Bare gold wire.
Electrode under test.
Saline.
Fig. 4.3 Apparatus for testing the tip impedance of microelectrodes.
1. The signal generator is set to produce a sine wave of IkHz, no dc offset, 80mV pk-pk.
2. The electrode is replaced with a 330k resistor. The ‘scope is adjusted to give FSD, and marked.
3. The system is calibrated by replacing the electrode with IM, 3M3, and lOM resistors, and marking the scale on the ‘scope.
4. Electrodes are tested by dipping the tip of the electrode into the saline. The ‘scope should read between IM and lOM for a good electrode. As the electrode is advanced further into the saline, the impedance reading will reduce, but should not fall below about IM unless the electrode insulation is damaged.
Table 4.1 Procedure for testing the tip impedance of microelectrodes.
4.3 DISSECTION PROCEDURE.
The metathoracic region of a dissected locust is shown in Fig 4.4. Prior to dissection, the locust 
was removed from the tank and kept in a plastic beaker covered with a cork mat for at least 20 
minutes, to cool it to room temperature. The locust was then decapitated and dissected from the
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dorsal side. Holding the locust gently by the abdomen and hind legs, fine scissors were used to 
make horizontal cuts through the cuticle along each side of the thorax just above the coxae. A 
cut was then made dorsally through the cuticle posterior to the metathorax, joining the two 
horizontal cuts; this cut also cut through the wings which were restrained along with the hind 
legs. The locust was then pinned down in a petri dish with a layer of wax covering the bottom, 
using an insect pin pushed vertically through the cut posterior to the thorax. The dorsal cuticle 
was then dissected away using forceps and a scalpel to release it from the rest of the body. The 
locust was then firmly pinned to the wax by four insect pins inserted obliquely through the 
sternum of the thorax, one just anterior to each of the prothoracic legs, and one just posterior of 
each of the metathoracic legs. The pin inserted just posterior to the thorax was then withdrawn. 
During this work, this pin was only once observed to have damaged the ventral nerve cord; 
most times it penetrated near the cord, but not near enough to damage it. The alimentary canal 
was then lifted out and pinned back and to one side. The preparation was then placed under a 
Zeiss stereo microscope with a magnification adjustable up to 40 times.
A sheet of tissue which overlies the nervous system was carefully dissected away using 
needles, forceps and a scalpel. Muscle, fat, and other tissue was cleared away from around the 
metathoracic ganglion and nerves as best as was possible. Generally all except the anterior 
margin of the metathoracic ganglion could be exposed easily (Fig 4.4).
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Fig 4.4 Photomicrograph illustrating the dissected locust. The metathoracic ganglion and the nerves are visible. An insect pin
(38mm x 0.55mm) is included for scale comparison. After this 
locust was dissected and recordings made, it was stored in absolute alcohol until this photograph was made (some two weeks later). The alcohol has whitened the nervous system, making it easier to see, as well as causing dehydration.
During the experiments, the nervous system was immersed in locust saline (Table 4.2; Barrass, 
1964) which was changed regularly throughout the experiment, by pipette. Initially, 0.9% saline 
had been used, however no neural signals were recorded from preparations using this saline. 
Subsequently the locust saline of Hoyle (1953) was employed; prepared as described by 
Barrass (1964). This saline was intended to approximate the ionic composition of the 
extracellular fluid within the locust’s nervous system, and in the present work neural signals 
were successfully recorded when this saline was employed. Consequently it was used for all 
subsequent experimental work.
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Molar Salt Molar solution ml g in locust saline
58.5 NaCl 130 7.60574.5 KCl 10 0.745203.5 MgCl2.6H20 2 0.407219,0 CaCl2.6H20 2 0/G884.0 NaHCOs 4 0336156.0 NaH2PO42H20 6 0.966
Table 4.2 Constituents of locust saline. After mixing all the solutions, except the NaHCOg, distilled water is added to make it up to
almost 1 litre, the NaHCOg is then added to avoid precipitation 
of Ca"*”  ^and Mg"*"’^ . Barrass (1964).
4.4  PROCEDURE FOR CONVENTIONAL ELECTRODE 
RECORDINGS.
The recording was done while viewing the dissected locust under a stereo microscope. 
Magnifications of 20 to 40 times were commonly employed. Prior to first use of a 
microelectrode, the tip of the 25pm diameter microelectrode wire was cut with a razor blade so 
that less than 1mm projected from the coverslip. The cut end formed the recording site, and the 
impedance was checked using the method described in section 4.2, The nervous system was 
kept moist by locust saline which was pipetted into the thoracic / abdominal cavity frequently 
during the experiment. The microelectrode was mounted in a three axis mechanical 
micromanipulator (Prior model 79254) for positioning, and the output of the headstage was 
passed through a custom designed amplifier /  filter circuit (described in the following section; 
4.5) to the input (AC coupled) of a digital storage oscilloscope (Gould 1425). The oscilloscope 
was connected to a plotter for hard copy of the recorded signals. A schematic of the 
experimental arrangement is shown in Fig 4.5.
The surface of the nerve to be recorded from was abraded using the tip of a scalpel or a 
hypodermic needle, to facilitate insertion of the microelectrode. The tip of the microelectrode 
was then manipulated into the nerve, usually nerve 5b of the metathoracic ganglion, and the
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equipment was powered up. Both spontaneous signals, and signals evoked by manipulation of 
the metathoracic leg, were recorded. The gain of the amplifier was adjusted to maximise the 
display range on the oscilloscope, and maintained at the same level throughout all the 
experiments. Following the first session in which the amplifier was adjusted, the gain was 
checked using a signal generator and oscilloscope. The microelectrode was usually repositioned 
within the nerve several times during recording sessions, which typically lasted about two 
hours, in order to record from fibres in different parts of the nerve. Both before and after the 
session the electrode tip would be manipulated away from the nerve and other tissue, and the 
baseline noise level of the system observed. This would also be observed in between 
penetrations of the nerve during long sessions.
Microscope)
Electrodeheadstage.
Amp. + Filter cct. Oscilloscope.
Locust. Dissected, pinned into wax, and immersed in saline.
Fig 4.5 Apparatus for recording from locust peripheral nerve. The electrode headstage is mounted in a micromanipulator, and the oscilloscope is connected to a plotter for hardcopy.
In all cases except one, nervous activity was still evident in the locust at the end of the recording 
session. This was in the form of respiratory movements of the abdomen, motion of the legs in 
response to mechanical stimuli (such as probing and manipulation of the legs) and when the 
locust was stored, prior to disposal, in formal saline. Usually neural activity could still be 
recorded from the microelecti'odes all through the session, except in cases where the nerve was 
badly damaged due to repeated repositioning of the electrode, or the batteries powering the
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headstage and amplifier were discharged. The one case where neural activity wasn’t evident was 
ascribed to a poor dissection. The main cause of failure of the microelectrodes during 
experiments was physical damage incurred by accidentally knocking the preparation.
4.5  AMPLIFIER AND FILTER DESIGN FOR MICROELECTRODE 
RECORDINGS.
From the literature, the neural signals recorded were expected to be of the order of 20|LiV up to 
ImV (signals of below 20|liV being lost in noise), and with a frequency content in the region of 
lOOHz to lOkHz (eg, Robinson, 1968; Towe, 1973; Gwilliam & Burrows, 1980; Najafi & 
Wise, 1986; Millar, 1992). It was expected that the neural signals recorded from locust would 
be towards the lower end of this frequency band, since the fibres are unmyelinated and 
experiments were carried out at room temperature; both conditions making action potentials 
propagate more slowly than for myelinated mammalian fibres. It was also anticipated that a 
major source of noise would be 50Hz interference from the mains electricity supply.
Initially, a simple bandpass Butterworth filter with poles at lOOHz and 7.96kHz, and a pass- 
band gain adjustable up to approximately 2500, was implemented. A tunable notch filter 
(Horowitz & Hill, 1989) was used to suppress 50Hz power line interference. This operated 
well on the bench, however when moved to the biological laboratory where the experiments 
were to be performed, a higher frequency interference appeared. This could be reduced to an 
acceptable level by tuning the notch filter to lOOHz, however this re-introduced the 50Hz 
interference. Adding another high-pass filter with a pole at 159Hz reduced this to an acceptable 
level. The circuit diagram of the amplifier / filter circuit used in the experimental work is shown 
in Fig 4.6.
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The amplifier / filter used for the experimental work (Fig 4.6) was implemented mainly using 
NE5532 Op-amps, and prototyped using a verowire system. The NE5532 is a high quality dual 
audio op-amp. The first amplifier (la. Fig 4.6) buffers the input signal. This is followed by a 
single pole (at lOOHz) high pass filter, to remove any DC components from the signal before it 
is amplified. This is buffered (lb), and followed by the notch filter (VRl, VR2; R2-5; C2-4). 
The output of the notch filter has to be buffered by a MOSFET input op-amp (CA3140E; 2 in 
Fig 4.6), since NE5532s have high input bias currents (typically 0.2p.A; Philips Components 
Technical Handbook, Book 4, Part 6). The CA3140E is followed by a spare op-amp stage (3a) 
which could have been used as an additional gain / filter stage if required. The signal is then 
high pass filtered (159Hz; C5, R6), and amplified (gain 10; R7, R8,3b). This stage is followed 
by a low pass filter (7.96kHz; R9, C6), and another amplification stage (gain 10; RIO, R ll, 
4a). Overall gain control is provided by VR3, and the final amplification stage (R12, R13, 4b) 
has a gain of 24.5.
The overall designed maximum gain for the circuit is 2450. Including the headstage gain of 10, 
this comes to an overall gain of 24500. However since standard 5% tolerance resistors were 
used (1% in the headstage amplifier, except the 47M^2 resistor), there would be some variation 
in the overall maximum achievable gain for the system.
It should also be noted that since it was necessary to tune the notch filter to lOOHz in practice, to 
reduce interference, all experimental work and modelling work presented in this thesis was 
performed with the notch filter tuned to lOOHz.
The SPICE circuit simulation programme was used to simulate the circuit, and the frequency 
response from this simulation is given in Fig 4.7(a). The frequency response measured from the 
circuit is given in Fig 4.7(b). The maximum gain measured from the circuit (Fig 4.7b) was 
slightly lower than for the SPICE simulation, however it was within the variation expected of 
the equipment. Also, at lower frequency levels (ie, 10, 30, 50, lOOHz) it was difficult to 
measure the gain since the output signal was obscured by noise. The high frequency cut off of 
the circuit does not appear to be as sharp as that of the SPICE model. This may also be due to
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noise interfering with the measurements, and to the tolerance of the components used. 
Generally, however, the SPICE model predicts the performance of the circuit reasonably well.
(a) (b)
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Fig 4.7 (a) Frequency response of amplifier / filter circuit from theSPICE simulation, (b) Frequency response measured from prototype circuit. The baseline noise level restricts accurate measurement of small amplitude signals at the output, (Gain set to maximum, and notch filter set to lOOHz in both cases).
The single pole filter elements used gave the combined amplifier /  filter circuit a rounded 
frequency response. This was made worse by the notch filter, which had gently sloping 
attenuation either side of the notch. Although this would give distorted signals, it should still be 
possible to identify the occurrence of an action potential spike and obtain a relative estimate of 
its amplitude and duration; which was adequate for the present work. In order to determine how 
the recorded signals would appear after amplification / filtering, the SPICE circuit simulation 
programme was used to model the instrumentation. The methods and results of this modelling 
work are given in chapter 6 (section 6.3). One advantage of the rounded frequency response of 
the instrumentation would be to decrease the equivalent noise bandwidth of the system; resulting 
in reduced noise in the output signal.
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4.6 RESULTS OF CONVENTIONAL MICROELECTRODE
RECORDINGS.
Recordings were rejected if the tip of the electrode could not be seen to have penetrated the 
nerve. In some preparations the nerve could be observed to be affected by motion of the saline 
during respiratory movements of the abdomen, however insertion of the electrode seemed to 
stabilise motion of the nerve to the point where it could not be observed under the microscope. 
The preparations appeared to be affixed firmly enough to the wax that movement of the legs did 
not cause observable movement of the nerve, except in extreme cases when the locust kicked. 
Once the cuticle had been removed, the locust would generally sit quiescent throughout; 
waggling of the legs could be initiated by gentle probing, whereas kicking would often require 
more vigorous stimulation to initiate.
One major problem that became apparent during this work was that of electrostatic discharge. 
Unless care was taken, it was found that electrostatic discharge from the experimenters body 
into the equipment could cause false signals to be recorded. With further investigation of this 
problem, it was found that under certain circumstances it was possible to generate a number of 
spikes in succession; although the appearance of these spikes was distinctly different from 
nervous signals, they could distort the recordings and make interpretation difficult. 
Consequently, considerable care was taken to avoid electrostatic discharge into the recording 
equipment, and all contact with the preparation was made using electrically insulating 
instruments (eg, the wooden handle of a dissecting needle, or rubber pipette teat). The 
manipulation employed to evoke the recorded neural activity was generally gently tapping the 
femoral-tibial joint of the metathoracic leg associated with the nerve being recorded from.
Seven locusts were dissected for recordings with gold wire microelectrodes, over seven 
sessions. No neural signals were recorded during the first session. During the four following 
sessions insufficient precautions were taken against electrostatic discharge, so these did not give 
reliable records of neural activity. In the remaining sessions, twenty records of neural activity 
were made from twelve different positions within the nerve trunk (metathoracic nerve 5b). Most
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of these records (16/20) showed multi-unit activity similar to that of Fig 4.8. Three records, 
with the electrode tip at the same location within the nerve, showed the very clear single unit 
activity of Fig 4.9c. One record showed the spike train activity presented in Fig 4.9f. The 
original plots for Figs 4.8 and 4.9 are reproduced in Appendix Al.
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Fig 4.8 (a) Baseline noise level, (b) - (f) Intraneural extracellularsignals recorded from locust, metathoracic nerve 5b, using a gold wire microelectrode. Signals were evoked by gently touching the femoral-tibial joint of the metathoracic leg 
innervated by the nerve. All records represent different positions of the microelectrode, except (d) and (e) where the record of (e) was evoked by more vigorous manipulation than other records. Horizontal scale / division is 5ms. Vertical scale / division is 500mV at output; the gain at IkHz of the system 
was 1550 times, so the vertical scale represents approximately 323|aV / division referred to input.
Signals recorded from a microelectrode as it was advanced through metathoracic nerve 5b are 
presented in Fig 4.8. The amplitude of the signals varies from baseline noise, up to a large fast
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spike of approximately 1.3 mV (in Fig 4.8b), The size of the fibre from which the signal was 
recorded from can be inferred better from the duration of the extracellular potential than the size, 
since the size is dependent on the distance between the electrode and the fibre being recorded 
from. In all the recordings presented in Fig 4.8, signals are recorded from a number of nerve 
fibres, and no single unit is easily identifiable within the records (by visual examination). The 
identification of units is further hampered by the fact that signals from two or more units may 
superimpose creating signals that appear to be of different amplitude and / or duration than the 
contributing unitary signals. A large fast unit seems to appear at least once in many of the 
records (marked by arrow), notably as the very large spike in Fig 4.8b. This may be the FETi, 
and the tip of the electrode may have come in close proximity with it for the record of Fig 4.8b. 
However the interfering signals make any conclusions questionable, especially in view of the 
comparison between Fig 4.8d and Fig 4.8e where the microelectrode was supposedly recording 
from the same position but the amplitude of what appears to be the fast spike is different. This 
may be due to interfering signals superimposing to enlarge, or create a false fast spike, or due to 
motion of the electrode due to the more vigorous stimulation employed for the record of Fig 
4.8e.
Due to the fact that the amplification system had a rounded frequency response, the absolute 
amplitude of the signals can only be estimated from the measured gain at IkHz. This would 
produce a reasonable estimation of signal amplitude for spikes with main frequency components 
in the IkHz region. The effects of amplification and filtering on the signals is given in chapter 6, 
and the modelled signals will be compared with those presented here.
The records presented in Fig 4.9 show an occasion in which only one or two units are clearly 
identifiable above the baseline noise. Three of the records in Fig 4.9, Fig 4.9cde, were made 
with the electrode at the same position within the nerve. The record of 4.9f is the only occasion 
on which such a long regular burst of impulses was recorded. The electrode was slightly 
repositioned in an attempt to obtain further similar records, and the records shown in Fig 4.9c to 
4.9e resulted. In the clearest record; Fig 4.9c, two different amplitude spikes can clearly be seen 
(marked A and B). At least one other spike appears to be in the record, close to the noise level;
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C. It is possible that the larger spike, B, may be due to a smaller C spike superimposed on an A 
spike; ie, the two spikes occur simultaneously and add producing the larger B spike. In Fig 
4.9d, two large amplitude spikes can be identified, along with smaller spikes just above the 
noise level. The records of 4.9d and 4.9e appear to show more units than those of Figs 4.9c 
and 4.9f.
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Fig 4.9 (a) and (b) Baseline noise level, (c)-(e) Extracellular signals recorded intraneurally 
from a gold wire microelectrode inserted into metathoracic nerve 5b; all records made with the electrode in the same position, (f) A series of spikes recorded prior to manipulating the electrode to the position for records (c)-(e). All signals were evoked by gentle manipulation of the femoral-tibial joint. Horizontal scale /  division (a), (c) 2ms; (b), (d) 20ms; (e) 100ms; (f) 50ms. 
Gain at IkHz was approximately 1550 times: vertical scale /  division (a), (b), (c), (d), (e) 50mV at output (32.3|0,V referred to input); (f) lOOmV at output (65|iV referred to input).
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It should be noted at this point that although the storage oscilloscope employed for these 
recordings (Gould 1425) had a maximum sampling rate of 2MHz, only about 100 samples per 
division were displayed. So traces taken with a time base of more than about 5ms per division 
(ie, a displayed sample rate of 20kHz) would not accurately reproduce the amplitude and shape 
of individual spikes; particularly for large fast spikes. The spike amplitudes of Fig 4.9d-f are, 
therefore, likely to be distorted due to the slow timebase used.
4 .7  DISCUSSION OF RESULTS OF CONVENTIONAL 
RECORDINGS.
Within this chapter techniques for recording extracellular, intraneural neural activity from locust 
peripheral nerve, using gold wire microelectrodes, have been outlined and the results of 
experiments have been presented. It is believed that the signals recorded and presented here are 
extracellular signals from nerve fibres within the nerve trunk penetrated because: a) the electrode 
tip was observed under a microscope to have penetrated the nerve trunk; b) care was taken to 
clear as much non-nervous tissue as possible from the area penetrated, without causing damage 
to the neiwe; c) precautions were taken to avoid electrostatic discharge; d) precautions were 
taken to avoid motion artifacts, and any motion of the nerve was not observable under the 
mechanical stimulation level commonly used; e) the signal levels recorded correlate reasonably 
well with those observed in intraneural recordings from vertebrates, and recordings from 
invertebrates (chapters 2 and 3); f) it is also interesting to note that the signal shapes correlate 
well with simulation results (to be discussed in chapter 6; section 6.3).
The largest noise component in the recordings was 50Hz power line interference. The noise 
from the metal-electrolyte interface and the amplification system was much smaller than the 
50Hz pick up. Whilst it is conceivable that records may have been made from a number of 
neural sources, there does not appear to be a large amount of background neural noise much 
above the level of the noise generated by other sources. It may be inferred from this that the 
fibres being recorded from are relatively large (eg, > 2|j.m diameter) and / or close to the tip of
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the electrode.
It was not the purpose of this work to interpret the signals recorded with respect to the activity 
of identified neurons; additionally, to do this would require more recordings and more 
experience. Further, while it is inferred that the fibres recorded from were probably towards the 
large end of the scale, no records show activity that can easily be pinned down to the FETi, 
although records presented in Fig 4.9d and 4.9e are reminiscent of signals recorded 
extraneurally from nerve 5b 1 under similar stimulation (Heitier & Burrows, 1977). As the nerve 
was immersed in saline, this could reduce the amplitude of recorded signals compared to 
situations where recordings were made from the nerve lifted out of any conductive fluid or 
immersed in an insulating fluid (such as oil), by providing a larger volume through which 
currents may flow extraneurally rather than restricting current flow to within the nerve trunk.
Variation of the amplitude of a particular fibre's extracellular spike (eg, as in Fig 4.8d and e) 
during a recording session has been previously mentioned in the literature (Hagbarth & Vallbo, 
1969). In that case it was possible to identify the spike as originating from the same fibre by the 
manipulations used to evoke it. In the case of Fig 4.8 there was nothing in the experimental 
procedure that would make it possible to pin the fast spike to any one fibre, although it is 
attractive to do so.
In summary:
• Tools and techniques for making intraneural, extracellular recordings 
from locust peripheral nerves, using a 25qm diameter insulated gold 
wire microelectrode, have been developed.
• The instrumentation used, although not ideal, appears to be adequate 
for recording multiple unit activity (Fig 4.8) and some single unit 
activity (Fig 4.9) from the locust nerve preparation described.
• Recorded signals appeared to originate form a few larger fibres and /
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or fibres that were in the immediate vicinity of the electrode tip, 
although it was not usually possible to identify individual 
contributions to the records.
• Typical signal amplitudes appear to be in the region of 300p.V to 
600{xV peak to peak. (Based on the instrumentation gain at IkHz).
• The main source of noise was 50Hz power-line interference. 
Background neural noise did not appear to be much above the level of 
electrical noise of the metal-electrolyte system and the instrumentation 
combined.
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CHAPTER 5. 
THE MICROPROBE.
The microprobes required for use in this work had to be of dimensions suitable for the animal 
model used. Even had an alternative animal model been chosen, commercially available probes 
(OttoSensors, Cleveland, USA) were too large to be suitable for peripheral nerve recording. 
Additionally, as mentioned in chapter 2, most work elsewhere is being done on recording from 
mammalian brains, and hence most probes are designed for that application. Probes designed 
for mammalian CNS recording generally have longer, wider shanks and greater inter recording 
site spacings than required for the present work. It was therefore necessary to design and 
fabricate passive microprobes specifically for this work. The designs and fabrication method 
employed are outlined in this chapter. Mounting the probes on PCBs, and electrical testing, is 
also discussed.
The fabrication process was developed in consultation with Dr Graham Ensell at the University 
of Southampton. The masks were produced at the Rutherford Appleton Laboratory, and the 
silicon processing was done by Southampton University Microelectronics Centre.
5,1 MICROPROBE DESIGN.
Using methods similar to those described in chapter 4 (section 4.3), metathoracic nerve 5b was 
dissected out from a locust that had been preserved in formal alcohol. This nerve trunk was 
found to be approximately 200|im in diameter; the same size as the metathoracic - mesothoracic 
ventral nerve connectives. Based on this, the recording sites were placed on a 200)Lim long area. 
The width of the recording area of the shank was set by the size of the electrode sites and the 
width / separation of the interconnects to a minimum of 70|im. However the process used to 
fabricate the probes meant that the probe width would actually be slightly larger than this. The
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overall design of the probe substrate is shown in Fig 5.1.
Imm
1
CM
\ /
(b)
200|im
Fig 5.1 Sketch of the general design for the microprobe substrate, (a) Carrier area and bonding pads, (b) The recording area, enlarged from (a).
Probes with number of different site sizes and arrangements were fabricated, summarised in 
Table 5.1. The general arrangement was for five recording sites, the first 40j-im from the tip of 
the probe, separated by 20|im centre to centre. Recording sites were either placed on one edge 
of the probe, or along the centreline. The rationale behind this was that it would enable the 
practical investigation of some of the substrate effects investigated in the modelling work of 
chapter 7 (comparing signals recorded from probes with recording sites at the edge to those with 
sites at the centre). Also, to determine if it would be possible to interpret the direction of 
propagation of an action potential from the shape of the recorded signal, when the recording 
sites were placed along one edge. If the probe shank were to measurably distort the shape of the 
recorded signals, then signals recorded by sites offset from the centreline of the shank may be 
distorted differently depending on the direction of propagation of the action potential (ie, 
recording site side to the other side of the shank, or vice versa). Unfortunately, due to several 
circumstances, it was not possible to investigate these aspects practically within the period of 
this project, and this investigation has to be left to future work. One major problem being under 
etching of dielectrics at the probe tips (discussed later in this chapter; section 5.3).
Recording site sizes for extracellular recording of single unit neural activity have ranged from 
4p by 4p (Pickard et. al., 1990) to 50 to 75|am^ (eg, Sonn & Feist, 1974; Najafi et. al., 1985;
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Bower et. al., 1988) up to 400 to 2500|j,m^ (eg, Prohaska et. al., 1979; Drake et. al., 1988;
Blum et. al., 1991; Peeters et. al., 1991). The small recording sites would be expected to isolate 
single unit signals better than the larger ones, whereas the larger sites have the advantages of 
lower impedance and lower noise generated by the metal - electrolyte interface.
Design. Site size (|im). Arrangement.
1 8 by 8 5 sites along edge.
2 8 by 8 5 sites along centreline.
3 4 by 4 5 sites along edge.
4 4 by 4 5 sites along centreline.
5 8 by 8 5 sites; small carrier area.
6 8 by 8 8 sites; large shank.
Table 5.1 Summary of recording site sizes and layouts.
Most of the probe designs in the present work had 8p by 8|i electrode sites. This is of the same 
order of size as the larger fibres within the nerve trunk under investigation (metathoracic nerve 
5b; see chapter 3), and above the 5|i by 5ji size that Edell et. al. (1986a) suggest as a minimum 
size for recording. This 5p by 5|J, limit suggested by Edell et. al. (1986a) is perhaps a 
conservative estimate for the present work, since it did not take into account substrate effects 
(discussed in chapter 2), and was based on a myelinated mammalian fibre model, where signals 
may be expected to be smaller than for unmyelinated invertebrate fibres (as in this work; and 
Pickard et. al., 1990). There was also a chance that, in the present work, the insulation above 
the very small 4|im by 4jj,m recording sites would not be fully etched away during probe 
fabrication.
The recording site spacing was selected to get as many sites as possible within the 200p length, 
whilst maintaining a narrow shank to facilitate insertion into the small nerve trunk.
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As well as probe designs with A\x and sites, some probes were designed and fabricated with 
five different sized sites arranged along the centre line; 20 by 20p, 16 by 16p,, 12 by 12p, 8 by 
8|i, and 4 by A\i. It was intended that this probe be used to compare the recording properties of 
different sized sites; again, it was not possible to perform this work during this project.
In addition to the general substrate design of Fig 5.1, two other designs were also fabricated. 
One (design 5) consisted of a 200pm long recording area projecting from to a 3mm by 0.6 mm 
carrier area (Fig 5.2a); this was intended for use in chronic experiments, should it have been 
possible to perform these. The other (design 6) had eight 8p by 8p recording sites spaced 50pm 
apart along the centreline of a 2150pm long 400pm wide shank (with a blunt tip - Fig 5.2b); 
this was intended as a simple design in case the smaller probe designs were not successfully 
fabricated.
□ □ y  □ □
□ DrD □Q-D-
(a) (b)
Fig 5.2 Probe designs fabricated in addition to the general design of 
Fig 5.1. (a) Design 5, with a 200pm long shank projecting directly from a small carrier area; (b) Design 6, eight recording sites on a blunt 2150pm long, 400pm wide shank. (Not to scale).
5.2  PASSIVE MICROPROBE FABRICATION PROCESS.
The fabrication process for the microprobes used in this project is based on one that was 
previously developed at Southampton University (Leong, 1990; Leong et. al. 1990). Probes 
fabricated by this earlier process were used to record signals from bee brains (Pickard et. al., 
1990; Pickard, 1991). At the time that the earlier process was developed, there was no 
equipment available to process wafers with gold on them, since to do this would have 
contaminated the standard CMOS process line used at Southampton. Consequently, the probes
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were fabricated with polysilicon interconnects, and the recording sites were gold plated as one 
of the last steps in the process. This meant that mechanical jigging had to be used to protect the 
surface of the wafer during the final silicon etching step.
For the present work, however, equipment for plasma enhanced chemical vapour deposition 
(PECVD) of silicon dioxide (oxide) and silicon nitride (nitride) films onto wafers with gold 
metallisation was available at Southampton. A fabrication process was devised that made use of 
gold metallisation for tracks, bonding pads, and recording sites, and a plasma nitride top 
dielectric layer. Neither the gold nor the nitride are etched at a significant rate in the potassium 
hydroxide (KOH) etch used to shape the devices, so the mechanical jigging used to protect the 
top surface of the probes in the earlier process was unnecessary in the new one. The full 
process description is listed in Appendix A2. Fig 5.3 shows a cross section through the wafer, 
of the microprobe shank, at various stages during the process.
Four inch diameter, 380|am thick, <100> orientation, p-type (boron doped to 10-30 Q.cm), 
double-sided polished silicon wafers were used. It was originally intended to use 280|im thick 
wafers, however these were found to be too fragile. Alignment marks were etched into both 
sides of the wafer, and l|im  of oxide was deposited on the front of the wafer using low 
pressure chemical vapour deposition (LPCVD) techniques. The oxide was then densified, and 
patterned using photolithographic techniques and wet etching, to expose the surface of the 
silicon in the shape of the probes. Boron was then diffused into the exposed silicon at high 
temperature (1175°C, using the oxide as a mask, for as long as was possible - typically 8 to 10 
hours). The boron-glassy layer, formed during the deposition, was plasma etched to remove it, 
and the oxide was then stripped. The boron doped silicon defined the final shape of the probes 
(Fig 5.3a). Thin struts of boron doped silicon were incorporated into the design to hold the 
probes into a framework of silicon until required, at which time they could easily be broken out 
by breaking the struts.
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I (a) Boron diffusion.
(b) Deposition of lower dielectric.
(c) Conducting layer (gold).
(d) Deposition of upper dielectric.
_uu.---mu----
— ! !—
(e) Patterning upper dielectric.
(f) Shaping devices (KOH).
(g) Removal of 
excess dielectric.
Fig 5.3 Steps during the fabrication of microprobes, showing a cross section through the probe shank (not to scale).
1.5|LLm of LPCVD oxide was then deposited onto the front of the wafer, and 0.5p,m on the 
back, and densified. 1600Â of LPCVD nitride was next deposited on both sides, followed by 
5000Â  of LPCVD oxide on the front. The back was patterned, and the nitride was dry etched so
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as to open up windows under the probes (Fig 5.3b). The window designs were patterned so 
that the silicon would be etched away from under the shank and around the carrier area, but the 
carrier area itself would be left thick for easy handling after the final KOH etching step.
An oxide-assisted lift-off technique was used to pattern the gold metallisation layer. Photoresist 
was spun onto the front side of the wafer, and patterned to expose the underlying oxide layer in 
the pattern desired for the metallisation. The oxide was then wet etched so that the resist was 
undercut. 40nm of chrome was then evaporated onto the front surface of the wafer, followed by 
a 250nm layer of gold. The chrome was necessary to ensure good adhesion to the underlying 
nitride layer. The resist was stripped off, lifting the unwanted metal off with it. The oxide was 
then removed by wet etching. Since the back of the wafer was not protected during the wet 
oxide etches involved in the lift-off process, the oxide exposed through the nitride layer was 
also etched away (Fig 5.3c).
The 500nm of PECVD nitride was then deposited (Fig 5.3d), and patterned by wet etching to 
open via holes to the gold electrode sites and bonding pads (Fig 5.3e). The silicon was then 
etched in potassium hydroxide (KOH) solution, to etch through the silicon wafer releasing the
probes (Fig 5.3f). The heavily boron doped silicon (> about 1.5x10^^ /  cm^; Farooqui, 1992)
that defines the probe shapes was not etched by the KOH solution, and undercutting of the 
mask on the back of the wafer was limited by the anisotropic etching characteristics of silicon in 
KOH. The oxide and nitride films remaining around the probes were removed by etching from 
the back of the wafer using an ion beam miller; Fig 5.3g. This left the completed probe attached 
to a silicon frame by thin struts of boron doped silicon, ready for mounting and testing.
5.3 MICROPROBE FABRICATION RESULTS.
It was originally intended that the oxide /  nitride films remaining after the KOH etching step 
should be removed by etching in a reactive ion etcher (RJE). However the RJDS intended was not 
available for use at the time, and other etchers could not be used because of the gold 
metallisation. It was found that unless the surface of the wafer was protected by photoresist, the
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ion beam miller would remove the gold metallisation from the tips of probes. Probes from the 
first wafer to be processed had ragged edges where the oxide / nitride films had not been 
removed cleanly from around the shank (Fig 5.4, 5.5). In practical use, these ragged edges 
could make insertion of the probe into nervous tissue more difficult. They may even catch on 
the tissue and pull away, damaging the insulating dielectric layers. Alternatively, the ragged 
edges could damage nerve fibres around the probe, so that these would not be recorded from.
3 0 3 X  25KV WQ:22MM 9 = 0 0 0 0 0  P : 0 0 0 1 0  1 0 0 U M---------------------------------
Fig 5.4 SEM photograph of a probe from the first wafer to be processed; ragged edges to the probe are in evidence where the oxide / nitride films have not etched cleanly. The probe was sputter-coated with gold for this photomicrograph.
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4 7 3 X  25KU WD: 31MM S 0 0 0 0 0  P 0 0 0 1 2  1 0 0 U M ----------------------- ----- -----------------------
.« (d p - .F T '#  ^
Fig 5.5 SEM photograph of a probe from the first wafer to be processed; ragged edges are evident, along with a string of film hanging from the tip. The probe was sputter- coated in gold for this photomicrograph.
Probes from later wafers had cleaner edges, however some undercutting of the insulation was in 
evidence at the tip of the probe (Fig 5.6, 5.7, 5.8); it is not known whether this undercutting 
occurred during the KOH etch step or the ion beam milling. It is possible that the metallisation is 
still insulated by the underlying nitride layer, and that only the oxide was etched. Additionally, 
due to the degree of undercutting, it may not necessarily show up as a fault in the insulation 
when the impedance tests were carried out since the areas involved could be relatively small, 
however it could still cause attenuation by shunting more of the recorded signal to ground. This 
undercutting could also potentially cause problems during probe insertion, and could result in 
the dielectric layers peeling off the probe. Due to the undercutting problem, only probes with 
sites situated along the centreline (design 2 in Table 5.1) were selected for use from these 
wafers. Probes with sites at the edge of the shank were likely to have fewer good recording 
sites due to the undercutting, and mechanical stress during insertion would be more likely to 
damage these sites.
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399X100UM 25KV WD:13MM 9 = 0 0 0 0 0  P=00013
: - a m
- iK"
Fig 5.6 SEM photograph of a probe from one of the later wafers processed;considerable under etching of the top dielectric films is evident, however the 
edges are less ragged than earlier probes (Fig 5.4, 5.5).
Fig 5.7 SEM photo^aph of a probe from one of the later wafers processed; less under etching is evident at the tip compared to Fig 5.6.
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Fig 5.8 SEM photograph of a probe from one of the later wafers processed;
the top dielectric films have broken off near the tip. (Sputter coated with gold).
None of the probe designs with the small carrier area (design 5, Table 5.1) came out of the 
fabrication process successfully; being either damaged, or having oxide / nitride films 
surrounding the shanks. The probes with large shanks (design 6, Table 5.1) had the cleanest 
edges of all the designs on the early wafers, and no damage to the gold on the shanks was 
observed. However on later wafers, they were still surrounded by oxide / nitride films. In 
practice these 400p,m wide blunt tipped probes were found to be too large to be inserted into the 
nerve trunk to be recorded from.
5 .4  MOUNTING PROBES FOR USE.
Prior to use, probes were mounted on PCBs in a manner analogous to the manufacture of the 
gold wire microelectrodes reported in chapter 4. The mounted probe is shown diagrammatically 
in Fig 5.9, and a photomicrograph of a probe and coverslip is given in Fig 5.10.
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Ground plane around edge of board. 
Gold coated coverslip.
Probe.
Edge connector.
Wire connecting grounds. 
Ground plane side.
Wire connecting probe to tracks.Epoxy.
Fig 5.9 Sketch of a mounted probe. (Not to scale).
Fig 5.10 Photomicrograph of a microprobe (P. 10) mounted for use.
Double sided PCBs, approximately 12cm long and 2cm wide, were used to mount the probes. 
The lower side was left as a ground plane, and the upper side was patterned with five signal 
tracks. Between each signal track was a narrow track; these were connected to ground by a wire 
soldered between them. Around the edge of a board was a wider ground plane. An edge 
connector at the opposite end of the board to the probe facilitated testing the mounted probes. A
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glass coverslip (22mm by 22mm) was coated on one side with gold (76%Au 24%Sb), and cut 
in half across the diagonal. A triangular half was mounted on the end of the PCB with the gold 
making contact with the ground plane around the edge of the board, on the track side. 
Conductive silver paint was used to ensure a good electrical connection and the joint was sealed 
with fast setting epoxy. As with the gold wire microelectrode, the gold on the coverslip was 
used as the reference electrode during recordings.
The probe itself was fixed to the projecting point of the coverslip with fast setting epoxy, and 
SOjiim diameter gold wires were bonded between the pads on the probe and the tracks on the 
board using conductive silver epoxy (Epo-Tek 415G) which was applied using a hypodermic 
needle. Once the epoxy was set, the joints were strengthened by applying conductive silver 
paint. More fast setting epoxy was then applied over the carrier area and the wires bonded to the 
probe, to insulate and protect them.
5 .5  ELECTRICAL TESTING OF MOUNTED PROBES.
A total of ten probes (P.l to P. 10) were mounted for use. Probes were selected by examination 
under the optical microscope (40 times magnification). Those that appeared to have the cleanest 
edges and undamaged recording sites were selected for use. Probes P. 1 to P.6 were from the 
first wafers to be processed, and probes P.7 to P. 10 were from the later wafers. Probes P. 1, 
P.2, and P.3, were design 6 (Table 5.1) with eight 8|am by 8p,m recording sites on a 400p.m 
wide shank. Of these, only four recording sites were tested, since the PCBs were laid out for 
mounting the five site probes that were used in the practical work.
Probes P.4 to P. 10 all had 8|J,m by 8)Lim recording sites situated along the centreline of the 
shank. (The design of P.6 was unknown since it was picked out of the wafer tray, rather than 
the wafer itself). For probes P.4 and P.5, the selection of this design was coincidental, since no 
effort was made to select specific designs. After the initial experience of using these probes 
experimentally, the 8|Lim by 8p,m designs were deliberately selected for their lower impedance. 
Probes with sites on the centreline of the shank were selected because of the undercutting
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problems in the fabrication process (mentioned in section 5.3). Each recording site on the probe 
was associated with a channel number, based on the position of the bonding pads on the probe 
(Fig 5.11).
12 3 45
Channel 3
Channel 2
Channel 1
Channel 4 
Channel 5
Fig 5.11 Relationship between channel number and recording site position for the 5 site microprobes with recording sites situated on the centre line of the shank.
The metal - saline impedance of the individual recording sites was checked using the method 
analogous to that of Meder et. al. (1973) that was described for the testing of the gold wire 
microelectrodes in chapter 4 (section 4.2, Table 4.1). The impedance of the 8[xm by 8}im gold 
recording sites may be estimated as was done for the gold wire microelectrode (chapter 4, 
section 4.1).
From eqn. 2.12, with dj = 3Â:
Ce - 18.99 pF eqn. 5.1
Which represents an impedance at IkHz of:
eqn. 4.2.
Of the ten probes tested, P.2 and P.6 were found to have very high impedance recording sites 
(»10M O ). Channels 1 and 2 on P. 10 appeared to be shorted to the saline by a very low
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impedance. These probes were rejected for use. The impedance of the good 8|im by 8|im 
recording sites was found to be in the range 3.3MQ to lOMQ, and was generally about 5MQ. 
This was slightly lower than the estimated value, which may have been due to roughness of the 
recording sites, or to over etching of the upper dielectric layer making the recording sites larger 
than designed.
In addition to the impedance test, the probes were checked with a multimeter to ensure that there 
were no short circuits between channels, or between the channels and ground. A resistance 
reading of less than 20M£2 (the limit of the multimeter) would indicate a short circuit for the 
purposes of this particular test. The results of the impedance and resistance tests are summarised 
in table 5.2.
Probe. Design. Impedance test. Resistancetest.
Used to record signals ?
P.l 6 Pass. Pass.P.2 6 Sites high impedance - Reject. Pass. -P.3 6 Pass. Pass. -P.4 2 Pass. Pass. Yes.P.5 2 Pass. Pass. Tfes.P.6 - Sites high impedance - Reject. Pass. -
P.7 2 Pass. Pass. Yes.P.8 2 Pass. Pass. -P.9 2 Pass. Pass. Yes. .P.IO 2 Channels 1 & 2 shorted to saline. Channels 1 & 
2 shorted together 
(9MQ).
Table 5.2 Results of the functional testing of microprobes. The design number is from Table 5.1; Design 2 was five 8|am by 8|xm sites along the centreline of a 70|Lim wide shank, Design 6 had eight sites on a 400|am wide shank. P.l to P.6 were from the first wafers processed, P.7 to P. 10 from the later.
Since probes used to record from the locust preparation were used until they broke, it was not 
possible to get impedance measurements before and after the session. To see if there was any 
deterioration in the impedance after immersion in saline, probe P.8 was left m saline for 2 hours
98
Chapter 5._________________________________  The Microprobe.
40 minutes (typically a recording session would last about two hours). Comparing impedance 
measurements taken after the period of immersion with those taken before, three of the five 
recording sites appeared to have a slightly reduced impedance after immersion. All recording 
sites remained within the 3.3Mf2 to 10Mi2 band indicating that they were still good.
The impedance and resistance tests above were intended to indicate the functionality of the 
probes. The two tests together would have indicated any major problems with the probes, such 
as insulation covering the recording sites, damaged tracks, short circuits between channels or 
channel to ground. The tests were not designed to accurately characterise the electrical properties 
of the probes. To do this for the metal - saline interface impedance, in particular, would have 
required the use of more sophisticated equipment.
Whilst probes may have passed the above functional tests, at approximate signal frequencies 
(IkHz) there would be coupling between channels resulting in cross-talk. If there had been a 
high level of cross-talk, then it would not have been possible to make any selective recordings 
using the probes. In order to determine the level of cross-talk likely to occur on the probes, a 
signal generator was used to generate a 500mV peak-peak IkHz sine wave. This was applied to 
one channel of a mounted probe, and the signal appearing at the other channels was monitored 
with an oscilloscope using a times ten oscilloscope probe (Fig 5,12). The input impedance of 
the oscilloscope was nominally IMQ, giving an overall input impedance of 10M^2. The tests 
were carried out in air, with the ground plane commoned to the equipment OV line.
The cross-talk between channels was measured for probes P.9 and P.IO. Probe P.9 had been 
broken after being used for recordings. Neglecting the two shorted channels on P.IO, the 
channel to channel cross talk was found to average 1.76% for probe P.9 and 2.49% for P. 10. 
Times ten oscilloscope probes were used for the measurements, so the input impedance of the 
oscilloscope was nominally 10M12 at IkHz. This compares to the nominal 47MD input 
resistance of the headstage amplifier. The low input impedance of the oscilloscope means that 
the cross-talk measurements could have been under estimates of the actual cross-talk; in the 
worst case the level of cross talk would be five times greater than this. However, the impedance
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of the recording site-saline interface was of the order of 5M£i at IkHz, and therefore crosstalk 
measurements made with the oscilloscope are likely to be good estimates of the level of cross­
talk that would be encountered in practice. At these levels, any signals resulting from cross-talk 
between two channels on the probe would not have been evident in recordings, as they would 
be below the amplitude of the noise.
Signal Generator. Oscilloscope.
500mVIkHz
Channel A.
I ] Coupling impedance between 
L j  channels.Channel B.
Mounted Probe.
Fig 5.12 Schematic showing the set-up used to check the level of cross­talk for mounted probes.
Four of the probes that were mounted and tested (P.4, P.5, P.7, P.9) were used in experimental 
work to record signals from locust peripheral nerve. Probes P.l, P.2, and P.3, were of design 
6, and were too large to be easily inserted into the locust’s nerve trunk. Probes P.2 and P.6 were 
rejected for use since they had very high impedance recording sites. Probe P.8 was broken 
before it could be used in recording experiments. The methods used in the microprobe recording 
experiments, and the results obtained, are presented in chapter 8.
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CHAPTER 6. 
MODELLING THE NERVE AND MICROPROBE.
Two aspects of the microprobe recording system were investigated by modelling. The first 
(section 6.3) being the effect of the electrical properties of the probe itself (discussed in chapter 
2) and the instrumentation (as in chapter 4) on the recorded signal. The second aspect was the 
effect of the microprobe shank itself on the recorded signal; this to be presented in chapter 7.
A numerical model of an unmyelinated (Hodgkin & Huxley) axon is described in section 6.1. 
This was adapted to approximate a locust nerve fibre. The model was used as a signal source 
for all other modelling work. The effects of the electrical properties of the probe, and 
instrumentation, on the appearance of the recorded signal was investigated using the SPICE 
circuit simulation programme (section 6.3). The signal source for the SPICE model was derived 
by assuming the active fibre to be immersed in a volume conductor, allowing extracellular 
potentials to be computed (section 6.2).
The last section of the chapter (6.4) discusses finite element models of the active fibre in the 
nerve trunk. These are further developed, in chapter 7, to include the probe substrate.
The models described here were developed for locust nerve, since this was the animal model 
employed in practical experimentation, however some of the qualitative results gained from 
these models may have relevance to analogous situations in other animal models. This will be 
discussed further in chapter 9 (section 9.2).
6.1 A NUMERICAL MODEL OF THE ACTIVE FIBRE.
The method described by Cooley & Dodge (1966) was used to model a length of Hodgkin &
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Huxley (1952) axon. To ensure that the programme written for the present work was operating 
correctly, the results were compared to those of Hodgkin & Huxley (1952) and Cooley & 
Dodge (1966). The model was then adapted, by varying the specific membrane capacitance and 
axoplasmic resistivity, to approximate 5|Lim and 15p.m diameter locust nerve fibres.
6.1.1 Methods.
A programme was written in the C programming language to simulate an action potential 
propagating along a finite length of Hodgkin and Huxley (1952) axon, immersed in a large 
volume of conductive fluid (eg, saline or extracellular fluid). The programme employs the 
methods devised by Cooley and Dodge (1966) to solve, numerically, the Hodgkin & Huxley 
model of a squid axon for a propagating action potential.
C
Fig 6.1
iIIII
E
Inside. ?
VNu
iNa
Vk
gK
IK
Im
Vl
g^
IIL
Outside. 6
Electrical circuit representing the axonal membrane (after Hodgkin & Huxley, 1952). The sign convention is opposite to that of Hodgkin & Huxley.
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Symbol. Description. Units.
C Specific membrane capacitance. , 2 jiF /cm
Sodium and potassium conductances of the membrane (vary with time and V)
2mmho / cm
Non ion specific leakage conductance. , 2 mmho / cm
VNa, Vk , Vl Equilibrium potentials for Na, K and non 
specific ionic currents.
mV
iNa, Ik , I I Ionic current densities. *  / 2 \xA  / cm
Im Current density flowing across the membrane. )lA / crn
E Transmembrane potential. (Actual). mV
V Transmembrane potential measured as displacement from resting potential with depolarisation positive. (Transient).
mV
I c Capacitive component of Im. 2|liA /  cm
l i Ionic component of Im. 2fxA/cm
G nu, G k , G l Peak values of gNa, gK  and gL. mmho / crn
n, m, h Variables describing the variation of gNa, gK  and gL with time and V.
Ctn, fin, CXm, 
jlm , CCh, Ph
Empirically derived rate constants for n, m and h,  dependent only on V.
no, mo, ho Initial values of n, m and h.
Table 6.1 Notation used in Fig 6.1, and subsequent discussion. The 
units given are those commonly used for this work.
Hodgkin & Huxley formulated a quantitative model to describe the action potential of a length- 
clamped axon; their work was based on the squid giant axon (an unmyelinated axon). It should 
be noted that the Hodgkin & Huxley model is not the only model which predicts the currents of 
the squid axon (Junge, 1981), however it is the best documented and most commonly used 
model, and therefore was used for this work. The Hodgkin & Huxley model can be used to
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model the propagating action potential by dividing the axon up into short cylindrical segments 
and assuming that the transmembrane potential is uniform over the entirety of each segment; 
cable theory can then be employed to interconnect the segments. The electrical circuit 
representing a patch of Hodgkin and Huxley axon is given in Fig 6.1, and the notation used is 
detailed in Table 6.1; the sign convention employed throughout this chapter is opposite to that 
originally used by Hodgkin and Huxley, in keeping with recent practice. The resting membrane 
potential may be neglected as the interest here is only in transient components, however it may 
be added later (by superposition) if desired (Plonsey, 1969).
The membrane current, /^ ,  has a capacitive component, Iq  and an ionic component i(.
+ eqn. 6.1,
Where:
1q ~ C (dV I dt) eqn. 6.2,
and
h=gNa(^~'^Na) + eqn. 6.3.
The conductances, g^ , vary with time and V. To describe how these vary, Hodgkin &
Huxley introduced three variables; n, m and h, representing the activation of the
potassium current, the activation of the sodium current, and the inactivation of the sodium 
current, respectively. These variables vary between 1 and 0 with t and V. Thus:
gNa = ^ N a ^ ^ ^  eqn. 6.4,
gK = eqn. 6.5,
where and are peak values of the sodium and potassium conductances respectively; 
note that G^ = g^ .^ The variation of n, m and h with time and voltage is described in equations 
6.6, 6.7 and 6.8:
dmldt= a^(l~m) - eqn. 6.6;
104
Chapter 6._______    Modelling the Nerve and Microprobe.
dhldt = ap^(l-h) - p^h eqn. 6.7;
dnldt= a^(J-n) - p^n eqn. 6.8;
Where p ^ , p^ and p^  are empirically derived rate constants dependent only on 
V:
= 0.01 (lO-V) I (exp ((10-V)/10)-1) eqn. 6.9,
p^=^ 0.125 exp (-V 180 ) eqn. 6.10,
= 0.7 (25-y; / (acp ((25-y;/70)-7) eqn. 6.11,
eqn. 6.12,
= 0.07 exp (-VI20) eqn. 6.13,
p^  = ll(exp ((30-V)/10)+I) eqn. 6.14.
Initial values, with the membrane at rest, for n, m and h may be calculated by setting V=0 and 
using the following equations:
no = oc l^(oc^+Pfi) eqn. 6.15,
^ 0  -  eqn. 6.16,
ho = c c ^ K eqn. 6.17.
When the membrane is at rest (initial conditions), V, n, m and h are constant, thus the initial 
values of their derivatives with respect to time wül be zero.
Substituting from equations 6.4 and 6.5 into eqn. 6.3, and thence into eqn. 6.1 gives:
Ijn ~ ^  (dVIdt) + Gf^hf^(V-V^) + G^^m^h(V-Vp^^) + G^(V-Vj_) eqn. 6.18.
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In the absence of any externally applied current (eg, a stimulating current) = 0, so:
dVIdt = (J/C){G^n^(V}(-V)+Gf^gm^h(Vi^aV)+Gi(VL-V)} eqn. 6.19.
Hodgkin and Huxley (1952) take advantage of the fact that the action potential is propagated 
with constant velocity and without distortion (satisfies the wave equation), to derive an ordinary 
differential equation in terms of time that can be solved numerically for the propagating action 
potential. However the treatment here diverges from that of Hodgkin and Huxley, and takes up 
that of Cooley and Dodge (1966). This obviates the need to determine the propagation velocity 
of the action potential by a process of trial and error, as originally implemented by Hodgkin & 
Huxley.
ri &r i ÔX n  ÔX
Hodgkin
&Huxleymodel
Hodgkin
&Huxleymodel
Hodgkin
&Huxleymodel
IN
ÔX
OUT
Fig 6.2 Model axon used to numerically describe the propagating action potential.
The axon is considered to be made up of a number of segments, each Sx long, numbered 0 to J
(Fig 6.2). The resistive axoplasm is represented by the resistance r^ôx, and the axon is assumed
to be immersed in a large volume conductor, so the resistivity of the extracellular medium may 
be assumed to be 0 (ie, a short circuit). Each segment is modelled by a Hodgkin and Huxley
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model (Fig 6.1), and 5x is chosen to be small enough that the transmembrane potential may be
considered to be uniform over the entire segment. The notation used in Fig 6.2, and the 
following discussion is outlined in Table 6.2.
Symbol. Description. Units.
ri Resistance of axoplasm per unit length. k O /cm
X Longitudinal position along axon. ÔX
Sx Short segment of axon, where V is assumed 
constant over the entire segment (distance step for integration).
cm
J Number of segments making up the simulated axon (total length 2 /  because of symmetry).
t time. ms
v a r i a b l e  [ j j Value of v a r i a b l e  at% = y &
v a r i a b l e  [J][k] Value of v a r i a b l e / / /  at t=t]^ .
im Current flowing across membrane. |IA
a Radius of axon. cm
R Resistivity of axoplasm. kCl.cm
Stimulating current. |liA
Table 6.2 Notation used in Fig 6.2, and subsequent discussion.
The axon modelled is of finite length and extends in both the positive and negative directions to 
±J. A stimulating current is applied at x=0, and the action potential propagates symmetrically in 
both the positive and negative x  directions; because of the symmetry, only the positive direction 
need be considered. It is important, however, to ensure that the modelled axon is suitably long
that the end conditions (at%=0 and x=J0x) do not distort the result significantly.
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Considering a single integration step at which all variables at time t=tj^  are known, a first 
approximation to V[j][k+1] can be made:
VlJ][k+lJ = V[jJ[k] + 5t(d/dt)V[jJ[k] eqn. 6.20.
Similar equations may be written to provide a first approximation to n[j][k+l], m[j][k-vlj and 
h[jj[k+lj. These newly computed values can then be used to provide a better estimate using the 
trapezoidal rule for integration:
VlJJ[k+JJ = V[j][k] + (0tl2){(dldt)V[j][k] + (d/dt)V[j][k+l]} eqn. 6.21;
n[jj[k+l] = n[j][k] + (5tl2){(dldt)n[j][k] + (dldt)n[j][k+l]} eqn. 6.22;
and similar equations may be written for m and h. Substituting for (d/dt)n[j][k+lj from eqn. 6.8 
into eqn. 6.22:
eqn. 6.23.
From Fig 6.2, applying Kirchoffs current law at the y’th segment:
imUI = - V[J]) / (r^Sx) + (VlJ+1] - V[j]) / eqn. 6.24,
which may be normalised to current density I2m&c and r^  = R ! lar)'.
ImW  = fa / 2R&^)(V[j-l] - 2V[J] + Vlj+I]) eqn. 6.25.
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From this, eqn. 6.18 can be re-written in the form:
(dldtWUl = (l/C){(al2RSx^)(V[J-I]-2V[JI+V[j-i-I]) - gUKVlj]-U[j]} + I^jl(2m Sx)}
eqn. 6.26,
where l^j is the stimulating current, applied at j=0 (= 7^  pA) and zero elsewhere, and:
gUI = Sk UI + SNalj] + Sl  eqn- 6.27;
V[j] = (Sk UNk  + SNaUl^Na + < SUl eqn. 6.28.
Substituting for (dldt)V[j][k+l] in eqn. 6.21, from eqn. 6.26 gives:
-V[j-lJ[k+l] + A[jJ{k+IJV[jJ[k+lJ - V[j+IJ[k+lJ = B[J][k+l] eqn. 6.29,
where:
AlJl[k+l] = (2RSx^/a){(2C/dt) + g[J][h+l]) + 2 eqn. 6.30,
BIj][k+lI = (2RSx^/a){ C((2l8t)V[j][kl + (d/dt)V[J]lk}) + gljI[k+lIU[JI[k+l] + / (2m8x)}
eqn. 6.31.
Atjc=0, symmetry is assumed such that V[-IJ -  V[+l]. Atx=J+J, it is assumed that V[J+1}=0. 
With these boundary conditions, substituted into eqn. 6.2^ a set of simultaneous equations is 
derived (Cooley & Dodge, 1966):
+A[0][k+lJV[0J[k+]] -2V[I][k+l] =B[0][k+lJ eqn. 6.32,
-V[j-IJ[k+l] +A[jJ[k+J]V[j][k+IJ -V[j+lJ[k+lJ =B{jJ[k+IJ eqn. 6.33,
-V[J-I][k+l] +A[JJ[k+J}V[J][k+l] = B[JJ[k+IJ eqn. 6.34.
The procedure to advance all variables one time step from tj^  to tj^^j is given in Table 6.3, and a
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full listing of the C programme written is given in Appendix A3.
Fory=0,1, 2 ,.. .. ,/Use eqn. 6.4 & eqn 6.5 to calculate gK[j][k] and gNa[j][kJ. Hence calculate g[j][k] and U[j][kJ from eqn. 6.27 & eqn. 6.28. Find (dldt)V[jJ[k] using eqn. 6.26. Estimate V[jJ[k+}] using eqn. 6.20.
For 7=0. J
Use estimated value of V[j][k+lJ to calculate rate constants cc[jj[k+l]
and p[j][k+JJ using equations 6.9, 6.10, 6.11, 6.12, 6.13, 6.14. Use these 
to calculate values for n{j][k-\-]], m[j][k-¥l] & h[jj[k+l] (based on the estimated value of V[J][k+l] using eqn. 6.23,
For 7=0. JUse values for n[j][k+l], m[j][k+l] & h[j][k+l] to calculate gMJJ[k+IJ & gNa[J][k+lJ, using equations 6.4 & 6.5. Hence calculate g[jJ[k+J] and U[j][k+]J, eqn. 6.27 & 6.28; use these with estimated
y[JJ[k+IJ to find A[jJ[k+lJ and BljJlk+lJ, equations 6.30 & 6.31.
Calculate a corrected value for V[jJ[k+lJ by solving the system of equations, eqn. 6.32, 6.33 & 6.34:
LQtr[0J = 2/A[0J[k+l].
Let X[OJ =  B[0][k+J] /  A[0][k+]J,
For 7=1 ,2 ,  3..., J  calculate:
r [ j] ^ i i (A U ] [ k ^ i] - r [ j- i] )
x i n  =  r[j](X[j-ij  +  Buuk+i]).
Let V[J][k+I] = X[J}
F o r /=(7-1), (7-2),..., 0
= %/yy + nyyw +/y/^+;y
If the corrected value of Vlj][k+lJ differs from the estimate used in step (b) by more than the selected convergence criterion (here 0.1 pV) then using the corrected value of V[j][k+lJ as the estimate, repeat from step (b).
Otherwise all variables have now been advanced one time step.
Table 6.3 Procedure for advancing all variables one time step from tj^  to 
after Cooley & Dodge (1966).
As no data for the rate constants associated with locust nerve could be readily found to enter into
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the model developed, the locust nerve fibre was modelled by adjusting the membrane 
capacitance and the axoplasmic resistivity to match the simulated action potential to intracellular 
potentials reported by Gwilliam & Burrows (1980) for the FETi axon of the locust 
(Schistocerca americana gregaria). Gwilliam & Burrows (1980) presented both intracellular, 
and intraneural extracellular recordings from along a variety of locations along the neurite of the 
FETi. The locations included a number of different membrane properties and fibre diameters 
along the neurite, and were, therefore particularly useful in the present work.
The programme was adjusted to model a 15pm diameter axon, and the specific membrane 
capacitance (C) and the resistivity of the axoplasm (R) were adjusted to attain the best fit for the 
signal recorded from the axon as it emerges from the ganglion. A 5pm diameter axon was also 
simulated for this work by simply reducing the diameter of the simulated fibre. Table 6.4 gives 
the simulation parameters used for most of the present work; other simulation parameters used 
will be noted where appropriate.
Variable. Value. Units.
TEMP 20.0 ° c  .C 4.25 pF /cmR 0.030 k0.cmJ 1000
15xm diameter fib :e.
a 0.00075 cmdx 0.0015 cmdt 0.01 ms
5[xm diameter fibre.
a 0.00025 cmdx 0.0005 cmdt 0.0075 ms
Table 6.4 Simulation parameters used for most of the present work. 
Variables are presented as used in the programme (Appendix A3).
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A series of simulations were made on the 15|im diameter axon, with dt set to 0.0025ms to allow 
for faster action potentials (it is desirable to make dt large to reduce simulation time, and the size 
of the data files produced). The results of these are given in Figs 6.3 and 6.4. The peak height 
of the action potential and half-height duration did not significantly vary with the axoplasmic 
resistivity over the range of values used. The maximum variation of the peak height with 
axoplasmic resistivity for fixed specific membrane capacitance was 0.03mV (< 0.06%), and 
0.0025 ms (ie, dt\ < 0.45%) for half-height duration. In some cases, the value of the resistivity 
of the axoplasm did appear to affect these parameters, however it was probably due to a break­
down of propagation of the signal in the model (eg, the chosen value of dx or J  being 
inappropriate for that value of R)\ this was not investigated as the effect was only noticed for 
values of resistivity well outside the range found in the literature (Table 6.5).
90 -1 r  1.0
- 0 .9
80 -
- 0.8>
-0 .770 -
(Q0>a. - 0.6
60 -
- 0 .5
0.450
1 2 3 40 5
0)
Peak (mV; 
HHD (ms)
Specific  membrane capacitance (gF / cm.sq)
Fig 6.3 Graph showing the variation of the peak and half-height duration of the simulated action potential with specific membrane capacitance for a 15|i.m diameter fibre {dt was set to 0.0025ms).
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Fig 6.4 Graph showing the variation of propagation velocity of the action potential with axoplasmic resistivity for different values of specific
membrane capacitance (jaF /  cm^). (15p fibre; dt was set to 0.0025ms).
Animal. Tissue. Fibrediameter. Membranecapacity.|j,F/cm2
Resistivity of axoplasm. 0.cm
Goat (kid) Purkinje fibre 75 12 105Green crab Axon 30 1 90American lobster Axon 101 - 80European lobster Axon 75 1 61Atlantic squid Axon 500 1 29Cockroach* Axon 46 3.33 -Frog Myelinated fibre 14 3-7 110
Table 6.5 Variations of specific membrane capacitance and axoplasmic resistivity from Altman & Diffner (1973) and *Huber (1974), 
for various animal models.
The specific membrane capacitance chosen was relatively high, but was chosen to give the 
1.02ms half-height duration of the simulated action potential. It would have been possible to 
attain a higher propagation velocity by reducing the resistivity of the axoplasm to below
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30Q.cm. This was not done since the 30Q.cm value is already at the bottom of the range (Table 
6.5). Also when considering the fibre in a situation where the resistivity of the extracelluar 
medium cannot be ignored, the resistivity of the axoplasm will also be taking into account the 
resistivity of the extracellular medium. In the case of the results from Gwilliam & Burrows 
(1980), where the fibre was within the restricted volume of the ganglion and nerve trunk, the 
resistivity of the extracellular medium may become significant. The circuit of Fig 6.5a includes
resistances representing both intracellular (r^&) and extracellular {r^Ôx) mediums, cf. Fig 6.2.
Applying Thevenin’s theorem gives the circuit of Fig 6.5b, with r^ as the resistance per unit 
length of the extracellular medium eqn. 6.24 becomes:
- w y ; / + (w +yy - wyy; / eqn. 6.35,
and the change can be followed through the subsequent working.
Fig 6.5
n &
w yix t
IN
w + yy y/yy
(n + re) ÔX
H Z Z I -
re &
OUT I
1w + yy
(a) (b)
(a) Variation of Fig 6.2 to include a resistive extracellular medium (resistance r^ per unit length), (b) Thevenin equivalent
of (a).
In practice, it is likely that rf »  r^ since the axoplasm is restricted to the very narrow axon, 
whereas the extracellular medium will have a much larger volume, even if it is of a higher 
specific resistivity than the axoplasm (a notable exception wiU be when the fibre is dissected into 
a pool of oil). Plonsey (1969) also suggests that in many cases, neglecting the resistivity of the 
extracellular medium gives rise to no significant errors. Since the resistivity of the axoplasm
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does not appear in equations 6.6 through 6.19, variations in this would not be expected to alter 
the shape of the action potential (half-height duration or peak). This supports the conclusion that 
variations in these noted in simulations for extreme values of R were due either to incorrect 
selection of integration parameters, or exceedingly low values of R allowing currents to run 
along the axon to the end termination.
6.1.2 Results.
For comparison with the results presented by Cooley & Dodge (1966) and Hodgkin & Huxley 
(1952), the programme outlined in the previous section (6.1.1) was set up to model the same 
squid axon. The model parameters used were those presented by Cooley & Dodge, and 
Hodgkin & Huxley. It was necessary to perform this comparison to ensure that the programme 
was operating correctly. It was also necessary to set to a suitable value. During this work, 
the progranune was compiled and executed on the Alliant computer (under Concentrix) operated 
by the central Computing Unit at Surrey, and a DECstation (under Ultrix) within the Department 
of Electronic & Electrical Engineering; simulations typically lasted 15 to 20 minutes.
Before any simulations were performed, the equilibrium potential, of the leakage current 
had to be set, such that when no stimulating current is applied to the axon the transmembrane 
potential remained at its resting value (OmV). The value of was expected to be different for 
this model compared to other’s models due to the difference in computer hardware. The present 
hardware was expected to perform mathematical operations to a higher precision than that used 
by Cooley & Dodge. Rounding errors could account for minor differences in results between 
the present work and earlier work, however this would not affect the operation of the algorithms 
presented. Initially V was set to the value employed by Hodgkin & Huxley (1952), 
10.613mV, and then adjusted by trial and error.
was eventually fixed at 10.5993 mV which gave a maximum variation in the resting 
potential of -0.000024mV at 0.5ms to 0.000104mV at 3.5ms (the end of the run; this being the 
time period utilised for comparison with the results of Cooley & Dodge). This was deemed to
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be acceptable, and compared with the convergence criterion (0.000ImV); the variation was 
purely at the level of numerical noise and had negligible effect on the solution. The variation in 
the resting potential was typically characterised as an initial negative phase, followed by a 
positive phase.
The results obtained for the squid axon model from the programme (Fig 6.6a) compared 
favourably in appearance with those of Cooley & Dodge (1966); Fig 6.6b. A comparison based 
on some of the properties of the action potential is given in Table 6.6. It was therefore 
considered that the programme was a good reproduction of the previous work.
Results from: Simulated / Experimental (SorE)
Temperature(°C) AP Peak (mV) PropagationVelocity
(m/s)
This programme ' S 18.5 90.56 18.87Cooley & Dodge s 18.5 90.5 18.694Hodgkin & Huxley s 18.5 90.5 18.8E 19.2 100 21.2
Table 6.6 Comparison of the peak transmembrane potential (AP peak) and propagation velocity of the action potential of a Squid axon, from the programme written for this work, with the results reported by Cooley & Dodge (1966), and Hodgkin & Huxley (1952).
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Fig 6.6 Simulated intracellular signal for a Squid axon, (a) From the programme written for this work; (b) From Cooley & Dodge (1966). Transmembrane potential is plotted against time for various positions along the 7cm simulated axon. A stimulation 
artifact can be seen in die action potential at%=0.
The programme was used to model the 15pm diameter FETi axon of the locust by adjusting the 
specific membrane capacitance and resistivity of the axoplasm. The simulated intracellular 
potential was compared with parameters measured from the the locust FETi by Gwilliam & 
Burrows (1980). The simulation was compared with the measured signals on the basis of
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velocity, half-height duration, and peak amplitude, of the intracellular signal. The simulated 
signal (Fig 6.7) was adjusted to give the same half-height duration as the recorded signal, so 
that the two signals would have similar time-courses; this meant that the velocity and peak of the 
simulated signal did not match the recorded signal (Table 6.7). The half height duration was 
chosen since it reduced both velocity and peak, implying more gentle rise and fall times in the 
signal, and hence lower frequency content. Since the low frequency cut off of the 
insti'umentation used was expected to filter out some of the signal along with noise, it was 
considered more appropriate to model a signal with significant power at frequencies lower than 
normally expected. This would give a worst case for the simulated signal, especially when 
considering the low frequency filtering of the signal by the instrumentation employed (section
6.3). Achieving the same peak value or propagation velocity would have resulted in a sharper 
rise than normally experienced, and hence less power in the normal low frequency range for 
locust FETi.
>E
-1 5
1 00 5 1 5
X =0 
x=500a 
x=1000a
tim e (ms)
Fig 6.7 Simulated intracellular signal for 15|am diameter fibre. Plot of transmembrane potential vs. time for different positions along the fibre (total length 2000(2). Data for comparisons were taken from the signal at x= 1 0 0 0 (2, and 1 2 0 0 (2; the centre of the modelled fibre where the signal is least distorted by the end terminations. There is a large stimulation artifact in the signal at 
%=0 .
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Results from: Peak (mV). Half Height Duration (ms) Propagation Velocity (m/s)
Model. 46.86 1.02 0.987
Measured. 66.6 (SD=8.4) 1.02 (SD=0.04) 4.1 (range 3.4-4.2)
Table 6.7 Comparison of computer model of the FETi action potential with intracellular recordings made by Gwilliam & Burrows (1980).
Given the variation of these properties reported by Gwilliam & Burrows (summarised in Fig 
3.8b), whilst the model does not accurately reflect the action potential of the FETi, it was judged 
to be reasonably representative for this work. Additionally, when the modelled fibre was 
reduced to 5|_im diameter (Fig 6.8), the propagation velocity of the action potential was close to 
that reported by Gwilliam & Burrows for part of the FETi within the metathoracic ganglion 
(0.567 m/s from the model cf. 0.54 m/s, range 0.5 to 0.8, n=4).
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Fig 6.8 Simulated intracellular signal for 5|xm diameter fibre. Plot of 
transmembrane potential vs. time for different positions along the fibre (total length 2000a).
The 5|im diameter fibre model was used for most of the modelling work, as it was more
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representative of the fibres expected to be recorded from. That is, relatively large fibres, with 
the very large FETi being unique.
The action potential model was used to provide a signal source for other modelling work; the 
SPICE modelling to predict the distortion of the recorded signal due to filtering (section 6.3), 
and volume conductor modelling to examine the effects of the probe substrate on extracellular 
current flow (chapter 7). It is therefore necessary to consider further the effects that the low 
peak, and in particular, the low velocity of the modelled action potential will have on models 
that it was to be employed in.
The reduced velocity, and more gentle rise of the action potential will result in lower frequency 
components arising in the modelled extracellular spikes. This represents a worse case error, 
because the instrumentation requires a relatively high low frequency cut off point to eliminate 
noise (particularly 50Hz mains interference). The modelled signals, therefore, may be expected 
to be more distorted by the filtering circuitry than would be the case for recorded signals. Given 
the approximate 4:1 ratio of measured to modelled velocities, then significant frequencies in the 
modelled signal would be expected to be of the order of one quarter of the value of those in the 
measured signal.
The lower velocity will mean that the longitudinal spread along the nerve fibre of the modelled 
signal will be less than for the biological situation. This is convenient from the volume 
conductor modelling point of view, since the model can be smaller and hence will require less 
processor time to solve and less disk space to store. However the concentration of action 
potential currents over a shorter length of fibre may affect the results of the finite element 
models that include probe substrates, since the ratio of longitudinal extent of the action potential 
to probe width will be less for the model. The section of the modelled 5|im fibre that contained, 
by inspection, most variation in the current source density distribution (Fig 6.9) was the area 
from 520a to 1400a, which was meshed with 10a in the finite element models (section 6.4). 
This longitudinal spread was still significantly larger than the width of the probe (generally 28a, 
max 160a), and results will still be representative of the actual situation. Additionally, the
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discrepancy in longitudinal spread of the action potential does not affect the validity of modelled 
comparisons between metal wire microelectrode recordings (modelled by point electrodes), and 
microprobes (finite element models including the probe’s substrate), since both will contain the 
same model errors.
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Fig 6.9 Simulated point current source data before conversion into 
nodal current sources for the finite element model. This was derived from the transmembrane current source data for a Spm diameter fibre.
It is possible to estimate the frequency content of recorded extracellular spikes directly from the 
current source density plot derived from the modelled fibre. This is because the potential in the 
volume conductor in the immediate vicinity of the axon will be proportional to the current source 
density (Plonsey, 1969). For example, Fig 6.10b shows the Discrete Fourier Transform (DFT) 
of a current current source density plot for a 15|Lim diameter fibre model, taken at %= 1000a (Fig 
6.10a). There is clearly significant frequency content in the region of 500Hz to IkHz, and the 
plot extends down towards DC. The slow modelled signal is expected to have significant 
components at lower frequencies than anticipated from practical recording sessions. However, 
some of the low frequency components are going to be significantly attenuated by the 
instrumentation used (described in section 4.5). The effect of this filtering on the recorded
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signal will be discussed further in section 6.3.
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Fig 6.10 (a) Current source density plot for a 15jim diameter modelledfibre, taken at %=1000& (b) Discrete Fourier Transform of (a), performed using the xmgr graph drawing package (rectangular window).
6 .2  HOMOGENEOUS VOLUME CONDUCTOR MODEL.
One of the simplest ways to compute the extracellularly recorded action potential is to represent 
the fibre as a series of point current sources within an infinite homogeneous isotropic volume of 
a conductive medium. This will provide a reasonable approximation to the signal for distances 
of a few radii or more from the fibre (Plonsey, 1977). The anisotropic nature of a peripheral 
nerve trunk may be approximated by appropriate scaling of the radial distance (y axis) in the 
model.
Such a model is described below. This was used to derive a signal source for the SPICE 
modelling of the effects of the electrical properties of the probe and instrumentation on the 
recorded signal (section 6.3). Some of the sources of error present in the model are also noted.
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6.2,1 Methods.
The potential, 0 ,^ measured by an ideal point electrode located at a point (%g, y^, z^) in an
infinite volume of some conductive medium (conductivity cr), due to a point current source, /p,
located at (%^ , y^, z^) is given by equation 6.36. The potential is measured with respect to an 
indifferent reference electrode situated an infinite distance away (assumed to be at OV) (Meier, 
1992).
<j)^=Ipl (4nG V f + fy^-y^j^ + (z^~z^^)) eqn. 6.36,
The potential measured by the electrode due to N point current sources {Ipp Ip2> ..., /p ^ )  
within the medium, positioned at (z^y, y^y, z^y), (x^^» ys2^ ^^sN^ y^yy, z^yy), can
be determined using superposition:
N
= /  / (4tig) X Ip^ / Vf(x^-x^y^p' + (ye-ysn)^ + (^e'hn^'^^ eqn. 6.37. 
n=l
At the frequencies of interest for recording extracellular single unit neural signals (in the region 
of IkHz), the tissue surrounding the signal source (cell) and electrode may be considered to be 
purely resistive (Plonsey, 1969). Additionally, the majority of the current at these frequencies is 
expected to flow in the clefts between cells (Robinson, 1968), and the medium may be 
considered to be homogeneous (Drake et. al., 1988). Whilst it is therefore reasonable to 
approximate the tissue of the nerve trunk by a purely resistive homogeneous medium, it may not 
be considered to be isotropic, or of infinite extent.
The resistivity of fibre tracts has been measured in mammals, and is much less when measured 
longitudinally to the direction of the fibres compared to measurements made transversely to the 
direction of the fibres. Ratios of transverse to longitudinal resistivities have been found to vary 
between 5.7 to 9.4. (Geddes & Baker, 1967). This may be anticipated from the structure of the 
nervous tissue as described in section 2.4.
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The nerve trunk itself will generally be relatively long compared to the distances under 
consideration (the longitudinal spread of an action potential), and may be considered to be of 
infinite length. The diameter of the nerve trunk, however, will be small enough to be 
significant. If the nerve trunk is immersed in a large volume of conductive fluid (eg, saline) then 
it may be considered to be in an effectively infinite volume conductor, however the volume 
would then be inhomogeneous; consisting of the nervous tissue and the conductive fluid.
The action potential is propagated along an active nerve fibre at constant velocity without 
distortion or attenuation. For the frequencies of interest, capacitive and inductive effects of the 
volume conductor surrounding the cell may be neglected. The system may therefore be 
considered as a quasi-static one; ie, although the sources are time-varying, it may be treated as if 
steady state conditions existed at any instant. (Plonsey, 1969).
Throughout this section, and subsequent modelling of the volume conductor, the quasi-static 
formulation has been employed.
As a first approximation, the active fibre was modelled as a series of point current sources 
within a volume conductor; using equation 6.37 to determine the potential measured by an ideal 
point electrode within the volume. The model is symmetrical about the axis of the fibre, and so 
all measurements were made in the plane z=0. The sources were distributed along the x axis, 
and anisotropy of the volume conductor was approximated by scaling the y coordinate 
appropriately (a factor of 6 was selected; discussed below). All values were normalised to the 
radius of the fibre, a, and are shown in table 6.8.
The action potential model for the locust nerve fibre (section 6.1) was derived by comparison 
with a fibre in-situ. Therefore the cuirent sources thus derived were representative of the current 
distribution associated with an active fibre in-situ, within the limitations of the model. The 
current sources were generated by taking the current source density for each element of the 
modelled axon (section 6.1) and multiplying this by the area of the curved surface of the element
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to give the value for the equivalent point current source.
-3Conductivity (cr) 1.812x10 mS
X range 0-2000fl
signals plotted for y - 2a, 5a and 10a(=12, 30 and 60 for anisotropy.)
Table 6.8 Values used in the simple volume conductor model (5|U.m diameter fibre).
As no data was available for locust nerve, the resistivity of the nerve trunk was taken to be the 
same as that measured for cat spinal cord (138 O.cm; Geddes & Baker, 1967). For qualitative 
assessments, the absolute value of the resistivities is of less importance than the ratio of 
transverse to longitudinal resistivities. A 6:1 ratio of transverse to longitudinal resistivities was 
assumed for the model of the locust nerve; this is towards the lower end of the range (5.7 to
9.4) reported by Geddes and Baker for tissues with well defined long fibres. It is reasonable to 
assume that the ratio will be towards the low end of the scale due to the glial cells and trachea 
within the nerve trunk providing some impediment to the longitudinal flow of current (cf. the 
connective tissue structures in mammalian nerve - see chapter 3).
In order to determine the variation of the recorded signal with time, the potential measured along 
a line parallel to the fibre was computed. The result was then scaled by the propagation velocity 
of the action potential to give the time varying signal; this is possible since the action potential 
propagates with constant velocity, without any variation in the shape of the signal. This scaling 
was automated by a short programme written in C.
6.2.2 Results.
The signal detected by an ideal point electrode within an infinite homogeneous conductor was 
modelled as described; the anisotropy was modelled by scaling the y (radial) coordinate by a
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factor of 6. The point electrode models the recording site of an ideal metal wire microelectrode 
(no size, does not draw current, does not interfere with the field); this is a reasonable 
approximation since the metal wire microelectrode had a relatively high tip impedance (of the 
order of lMf2), and relatively small insulated substrate (compared to the microprobe). ^
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Fig 6.U Modelled extracellular signals for an ideal point electrode located in an infinite volume conductor some distance from an active fibre, (a) 2a (=5|am) from a 5fim diameter fibre; (b) 5a (12.5p.m) from a 5|xm fibre; (c) 10a (25pm) from a 5pm fibre; (d) la(=7.5pm) from a 15pm diameter fibre.
The signals detected by a point electrode positioned at 2a, 5a; and 10 a from a 5pm fibre are 
presented in Fig 6.1 la-c, along with that for an electrode la  distant from a 15pm fibre (Fig
6.1 Id). The distance scaling for Fig 6.1 Id is different from that of 6.1 la-c as it is normalised to
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the 15pm diameter fibre (so la  in Fig 6.l id  = 7.5pm, whereas la  in 6.1 la-c = 2.5pm). The 
signals are presented as potential vs. distance, this may be converted to a time signal by scaling 
the X coordinate by the propagation velocity, working from x=2000a to %=0.
The amplitude (peak to peak) of these modelled extracellular signals is given in table 6.9. 
Clearly these figures are much smaller than signals recorded with metal wire microelectrodes in 
chapter 4 (typically up to 300pV to 600pV, with one spike of 1.3mV amplitude; Figs 4.8 and 
4.9). The signals predicted by this model were, therefore, at odds with the practical results 
presented earlier in this work, and published elsewhere (Gwilliam & Burrows, 1980), and 
appear to be about one order of magnitude lower than they should be. There were a number of 
approximations, and sources for error, that could have caused this (Table 6.10); however 
probably the largest distortion of the results came from the assumption of an infinite 
homogeneous volume conductor surrounding the nerve fibre. In reality the volume is restricted 
by the low conductivity nerve sheath.
Modelled signal. Amplitude (]iV)
(a) 5 |li fibre, 2a 33.061(b) 5\i fibre, 5a 16.732(c) 5|li fibre, 10a 7.857(d) 15|J. fibre, la 148.779
Table 6.9 Peak to peak amplitudes of the modelled extracellular signals 
of Fig 6.11.
Another source of error when making comparisons with preparations where extraneural hook 
electrodes are used and the nerve is often lifted out of the saline, or preparations where the nerve 
is immersed in oil, is that the material outside the trunk is then an insulator. This restricts the 
action currents to flow mainly within the nerve trunk and wUl effectively amplify the extraneural 
signal, as well as making recording less selective (Rutten e t al., 1993).
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1.2.3.4.5.
Poor model of fibre.Conversion to point current sources. Elimination of fibre from model. Modelling of anisotropy. Assumption of infinite volume.
Table 6.10 Sources of error in the simple infinite volume conductor model.
6.3  MODELLING PROBE AND INSTRUMENTATION.
The amplitude of the recorded extracellular spikes has been used in discussion of the models, 
and comparison with the signals recorded in chapter 4 and in the published literature. Amplitude 
can be used to distinguish the activity of a single unit from amongst background activity, 
however often there may be considerable variation in the amplitude of a single unit over the 
period of the experiment (Hagbarth & Vallbo, 1969). A more reliable way to identify a single 
unit for monitoring would be to identify it’s response to a particular stimulus; however the 
expertise and equipment required was not available for the present study. A further way of 
identifying signals as being from different sources is by shape and duration, repetitive firing in 
response to a stimulus may also be of assistance.
The instrumentation used in the recording work (described in chapter 4; a five channel version 
was used with microprobes - chapter 8) was not expected to accurately reproduce the 
extracellular signal. It was, however, expected that it would be possible to identify the distorted 
signals above the noise level. In order to predict the shapes of the recorded signals, the SPICE 
circuit analysis programme was used to model the microprobe (chapter 2; sections 2.1 and 2.2) 
and instrumentation (chapter 4). The homogeneous volume conductor model described in 
section 6.2 was used to derive the sources for the simulations. Several different fibre models 
were investigated (5|im diameter and 15p.m diameter, with a range of propagation velocities).
During this work, it was found that the low frequency 3dB point of the bandpass filter could be 
expected to have significant effects on the shape of the recorded signals; since it was desirable to
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set this as high as possible to attenuate mains frequency interference. In general, it is desirable 
to set the lower 3dB point as high as possible to attenuate mains interference without having to 
carry the experiment out in a screened room or Faraday cage (which presents logistical 
problems). To investigate the general effects of high pass filtering, the Hodgkin & Huxley 
(squid) axon modelled in section 6.1 was used as a signal source for a high pass filter model 
(SPICE), with the 3dB point set to different values. This investigation is discussed in section 
6.3.3.
6.3.1 Probe and Instrumentation - Methods.
The equivalent circuit for the microprobe (section 2.1 and 2.2) was modelled using the SPICE 
circuit simulation programme (Hspice). The model is shown in Fig 6.12, the component values 
(summarised in table 6.11) were computed for a 8|im by 8|am gold recording site (as used for 
experimental work - chapter 8). The values for Rm  and Csh were taken from Najafi & Wise 
(1986) and BeMent et. al. (1986), for microprobes.
RspHZZFlOOk
Re 20T
Ce 19pF
Rm
3k
.Csh
T8pF
Vo
- o
ZaI
Fig 6.12 Equivalent circuit for microprobe with an 8|im by 8|0.m gold 
recording site.
The frequency response for the simulated circuit is given in Fig 6.13 with Za=AlMQ. (the input 
resistor on the headstage amplifier circuit. Fig 4,2). It can be seen from this that the probe itself 
may be expected to act as a band pass filter with a 3dB bandwidth of approximately 91 Hz to 
74kHz. The upper 3dB point is well above the expected maximum frequency content of the 
recorded neural signals (lOkHz; chapters 2 & 4). However the lower 3dB point is close to the 
expected lower end of the signal bandwidth (lOOHz), and could cause additional attenuation of
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low frequency components of the signal.
Component. Value. Description.
Rsp lOOkO Spreading resistance.Re 20TD Resistance of metal-saline interface.Ce 19pF Capacitance of metal-saline interfaceRm Ska Resistance of metallisation.18pF Shunt capacitance to ground.
Table 6.11 Values used to model an SjLtm by 8pm recording site in the SPICE simulations.
TJ -10“
-20 »
-30
Frequency (Hz)
Fig 6.13 Frequency response of circuit in Fig 6.12.
The model for the electrode used was calculated for an 8pm by 8pm gold electrode site, as 
designed for the microprobe. Csh was taken from the measurements of BeMent et. al. (1986), 
and is a reasonable estimate given the construction and mounting of the probe (chapter 8). The 
large value of Csh (18pF is approximately 8.8MO impedance at IkHz) will mean that it 
significantly attenuates the signal. Rm  was taken towards the low end of the estimate given by 
Najafi & Wise (1986); this is probably an over estimate of Rm since the probes used in the 
present work had gold metallisation, whereas those of Najafi (1986) had a MoSi silicide
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metallisation (resistivity 25pa.cm for bulk, cf. 0.00024pa.cm for gold). With a less than 
worse case model for the probe (ie, a lower value for Csh), the lower 3dB point of the 
frequency response (Fig 6.13) would be expected to improve (ie, it would be further below 
lOOHz).
The microprobe model for the electrode was a worse case than the gold wire microelectrode as 
the recording sites were smaller, implying higher recording site impedance and hence more 
attenuation of low frequencies (from eqn’s 2.11, 2.12, and chapter 4). The value of Rm is also 
an order of magnitude larger than that estimated in eqn 2.22 for a gold track, although it is still 
small cf. the impedance of the metal - saline interface, and Rsp.
To model the entire microprobe / instrumentation system, Za was removed from the probe 
model (in Fig 6.12) and this was combined with a SPICE model of the headstage amplifier, and 
amplifier / filter circuitry described in chapter 4 (Figs 4.2, 4.6); this being the same for 
microprobes as for the gold microelectrodes. The NE5532 stages of the instrumentation were 
modelled using MC1458 subcircuits, whilst the CA3140E was modelled using a LF351; this 
was done because SPICE models for the ICs used were not available. The SPICE input file 
modelling both probe and instrumentation is given in Appendix A4, and the overall frequency 
response of the microprobe / amplifier / filter model is given in Fig 6.14. The modelled 
instrumentation was set to maximum gain, and the notch filter to lOOHz for all the work 
reported here.
The simple model of a fibre in an infinite volume conductor (section 6.2) was used to derive an 
input signal for the SPICE model of the probe and instrumentation; applied as a piece-wise 
linear voltage source. Results from finite element models were not available to use for 
comparison. Signals were taken 2.5|am distant from the modelled fibre (scaled by 6 times for 
anisotropy), to ensure reasonably large input signals. Both 5|Lim and 15pm diameter fibre 
models were used, and in both cases signals were scaled by the propagation velocity taken from 
the model and a faster velocity. In the case of the 5 pm diameter fibre, the higher velocity was 
taken as 1.060 m/s, so that the two peaks in the modelled output signal were the same distance
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apart as those recorded by the metal wire microelectrode in Fig 4.9c (spike A). In the case of the 
15|rm diameter fibre, the higher velocities were taken as 2.2 m/s and 4.1 m/s. These correspond 
to the values reported by Hoyle (1955) and Gwilliam & Burrows (1980) for the FETi in 
Locusta and Schistocerca, respectively.
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Fig 6.14 Frequency response for SPICE model of microprobe / amplifier / filter. Amplifier set to maximum gain.
6.3.2 Probe and Instrumentation - Results.
The instrumentation used for recording (section 4.5) had a very rounded frequency response 
(Fig 4.7), and did not have a flat pass band in the region of 500Hz to IkHz where a significant 
amount of signal power was expected (Fig 6.10), in addition the microprobe itself was expected 
to add to the attenuation of low frequency signals (Fig 6.13). Considerable distortion of signals 
from small fibres with low propagation velocities was therefore expected, where as signals from 
larger fibres with higher propagation velocities would be less distorted.
The signals at the input and output of the SPICE model of the probe and instrumentation are 
shown in Fig 6.15 for the 5jam diameter fibre model, and 6.15 for the 15|Xm diameter fibre
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model. The DC offset in the plots appears to be an artifact of the amplifiers employed, which 
have relatively large input bias currents; this causes a large DC offset to appear due to the final 
stage of amplification in particular. In practice, recordings were made with the oscilloscope 
switched to ‘AC’ coupled, to block the DC offset.
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Fig 6,15 Modelled extracellular signals used as input to the SPICE 
model of the probe and instrumentation, with the corresponding output. 5|Lim Fibre; gain is set to maximum, (a) input, propagation velocity 0.567 m/s; (b) output; (c) input, velocity = 1.060 m/s; (d) output.
133
Chapter 6.
(a)
J
:
""1.—.."1------- - r —- —1— ---- 1---------r
Modelling the Nerve and Microprobe.
0.05'
0.00
-0.05
- 0.10
0.05
0.00-
-0.05
- 0.10
-0.15
0 .0 0 0 0  0 .0 0 5 0  0 .0 1 0 0  0 .0 1 5 0
Time (s)
(C)
-I— —'-------- r
0 .0 0 2 0  0 .0 0 4 0  0 .0 0 6 0
Time (s)
(e)
0.05 n
0.00
>e
-0.05c>
- 0.10  -
-0.15
0 .0 0 1 0 0 0  0 .0 0 2 0 0 0  0 .0 0 3 0 0 0
(b)
-0.2 -I
-0.3>
3O>
-0.4
-0.5
0 .0 1 0 00 .0000 0 .0 0 5 0 0 .0 1 5 0
Time (s)
(d)
-0.2
-0.3
>
-0.4I
-0.5
-0.6
0 .0020 0 .0 0 4 0 0 .0 0 6 0
Time (s)
(f)
Time (s) Tlime (s)
Fig 6.16 Modelled extracellular signals used as input to the SPICE model of the probe and instrumentation, with the corresponding output. 15|j,m Fibre; gain is set to maximum,
(a) input, velocity = 0.987 m/s; (b) output; (c) input, velocity = 2.2 nVs; (d) output; (e) input, velocity -  4.1 m/s; (f) output.
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It is apparent from Figs 6.15 & 6.16 that the effect of the probe and instrumentation on the 
modelled signals is to cause the classic triphasic waveform to appear essentially as a biphasic 
waveform, for signals originating from small fibres with significant signal power at lower 
frequencies. The small peak preceding the two main phases, and the trough following them can 
be expected to be below the level of the background noise. Only signals from larger fibres (Fig 
6.16df), with higher propagation velocity and corresponding higher frequency content, will 
appear as triphasic signals. Even in this case, the preceding positive phase is attenuated, and the 
second increased compared to the input signal.
The results from recordings made using the gold wire microelectrode (Figs 4.8 and 4.9) appear 
to correlate well with this finding. Copies of the original plots from which Figs 4.8 and 4.9 
were taken can be found in Appendix A1 for closer examination. In Fig 4.9c, the biphasic 
signals are very clearly illustrated, and in many of the plots of Figs 4.8 and 4.9, spikes of this 
nature (roughly symmetrical above and below the noise) are apparent. Also apparent are what 
appear to be monophasic spikes; ie, spikes that are visible below the noise, but appear to have 
no positive phases. These are interpreted as triphasic spikes, with the positive phases lost in the 
noise. The fast spike identified in Fig 4.8cdf generally appears to be such a spike, as does the 
repeating spike in Fig 4.9f. In several cases, the positive phase of the biphasic signals is not as 
prominent as may be expected, indicating that they originate from fibres with higher propagation 
velocities than those modelled for 5)im diameter but lower than the 4.1 m/s modelled for the 
FETi. These signals could originate from 5|am, or smaller, fibres since the propagation 
velocities modelled are lower than those measured in practice (section 6.1.2).
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Fig 6.17 DPT plots of modelled signals at input and output of a SPICE model of the microprobe and instrumentation, (a) 5|a Fibre, propagation velocity 0.567 m/s; (b) 5p. fibre, PV = 1.060 m/s; (c) 15p, fibre, PV = 0.987 m/s; (d) 15|Li fibre, PV = 2.2 m/s; (e) 15|Lt fibre, PV =
4.1 m/s. DPT performed using the xmgr graphing package (rectangular window).
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To visualise the effects of the probe and instrumentation on the signals, discrete Fourier 
transforms (DFT) were performed on the signals presented in Figs 6.15 and 6.16. These were 
each normalised to unity at the highest magnitude (neglecting the DC offset), and are presented 
in Fig 6.17. The effects of the rounded frequency response are very apparent, as emphasising 
the higher frequency contribution to the signal. Only for the fast 15fim fibre model (Fig 6.17e) 
does the central peak of the output plot coincide with that of the input plot. Here the rounded 
response is apparent in the relative attenuation of the signal either side of the peak, which 
coincides roughly with the maximum gain in the frequency response of the probe and 
instrumentation (Fig 6.14). With a flatter pass-band, much better coincidence of the peaks 
would be expected. The shapes of the output signals predicted in Figs 6.15 and 6.16 are 
expected to be unique to the instrumentation modelled and used.
6.3.3 High Pass Filtering of the Extracellularly Recorded Signal.
It was apparent that the position of the low frequency 3dB point of the band pass filter 
employed in recording was going to affect the signal. The effect was briefly investigated using 
the model of the Hodgkin & Huxley (squid) axon as the signal source (from the model 
described in section 6.1). The source was applied to the input of a six pole high pass filter, 
modelled using SPICE, and the output signal was computed with the filter 3dB point set to 
different frequencies.
A 7cm length of axon was simulated, using the simulation parameters given by Cooley & 
Dodge (1966) for the same model; <i?=0.01ms, dx=0.05cm. The transmembrane current was 
computed for a segment at the centre of the modelled fibre (%=3.5 cm), and the programme was 
set to simulate a period of 6ms.
When the recording site of a microelectrode is in the immediate vicinity of an active 
unmyelinated nerve fibre, the extracellularly recorded action potential is expected to be 
proportional to the transmembrane current (Plonsey, 1969). The computed transmembrane
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current was normalised to give a maximum negative excursion of -1 (Fig 6.18a), to provide a 
reasonable extracellular signal for analysis. The signal is triphasic with an initial slowly rising 
positive phase, followed by a large narrow negative phase, and a third small positive phase. 
With the value chosen for dt, there were fifteen sample points computed for the steep gradient 
from the peak of the first positive phase to the peak of the negative phase. The xmgr graph 
drawing package was used to perform a discrete Fourier transform on the simulated signal of 
Fig 6.18a; the computed magnitude spectrum is shown in Fig. 6.19 for DC to lOkHz.
A six pole Butter worth high pass filter was modelled using the SPICE circuit analysis 
programme (Hspice). The circuit model was implemented as three 2 pole passive stages, 
buffered with voltage controlled voltage sources. The simulated extracellular signal (Fig 6.18a) 
was applied as a voltage source to the input of the modelled filter, using a piece-wise linear 
approximation. The SPICE model was simulated from 0 to 6ms in steps of 0.01ms, using the 
transient analysis option, with the 3dB point of the filter set to lOHz, 30Hz (Fig 6.18b), lOOHz 
(Fig 6.18c), 300Hz (Fig 6.18d) and IkHz (Fig 6.18e). The plot for lOHz is not shown, since it 
could not be visually distinguished fiom the original signal.
The discrete Fourier transform of the source signal (Fig 6.19) shows two distinct peaks in the 
magnitude spectrum; the larger at IkHz, and a smaller one at 2kHz. The 3dB bandwidth of the 
spectrum is approximately between 500Hz and 2.8kHz.
The general trend illustrated in Fig 6.18bcd is the attenuation of the first positive phase and an 
increase in the second positive phase as the 3dB point of the filter is increased from 30Hz to 
300Hz. This increase in the second positive phase represents a partial differentiation, with 
respect to time, of the positive gradient between the peak of the negative phase and the 
following positive phase.
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Fig 6.18 The effect of passing a modelled neural signal (I/P (a), normalised to give a maximum excursion of -1) through a 6- pole high-pass Butterworth filter with 3dB points at 30 (b), 100 (c), 300 (d) and lOOOHz (e).
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Fig 6.19 DFT of the normalised extracellular signal presented in Fig 6.18a.
With the 3dB point set to lOOHz or less, the shape of the output signal is a recognisable 
reproduction of the input signal (Fig 6.18bc; cf. Fig 6.18a). For filters with the 3dB point set to 
300Hz or less, the form of the negative phase remains reasonably constant in amplitude and 
duration. Whilst the positive phases are distorted, the appearance of the negative phase in a 
record would mark the occurrence of an action potential.
With the 3dB point set to IkHz, the filter is attenuating some of the significant frequency 
components of the original signal (Fig 6.18a). The filtered signal (Fig 6.18e) has very little 
obvious resemblance to the original signal.
In Fig 6.18e, partial differentiation of the input signal with respect to time is apparent, 
particularly for the initial part of the negative phase. The negative peak in Fig 6.18e corresponds 
with the negative gradient between the first positive peak, and the negative peak in the original 
signal. Further, the zero crossing point between the first negative peak and the following 
positive peak in Fig 6.18e corresponds to the turning point at the peak of the negative phase in
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the original signal (Fig 6.18a).
From this treatment it can be seen that, generally, the occurrence of an action potential can be 
identified even when the 3dB point of the high pass filter is close to the lower 3dB of the 
extracellularly recorded signals spectrum (eg, when the filter 3dB point was set to 300Hz). 
However, when the 3dB point of the filter is set to a relatively high frequency, the recorded 
signal becomes distorted and partially differentiated.
In the present work it was felt unnecessary to accurately reproduce the recorded signals, since 
single units could still be identified by the shape of the signal predicted by modelling (Figs 6.15 
and 6.16), amplitude, duration, and repetitive firing. It was also desirable to set the lower 3dB 
point of the bandpass filter to a high frequency in order to attenuate the power line (50Hz) 
interference encountered.
6.3.4 Summary.
It is well known that the membrane current source density is proportional to the second 
differential of the transmembrane potential with time, and in the immediate vicinity of the ceU, 
the extracellular potential will be proportional to the current source density (Plonsey, 1977; 
Connolly et. al., 1990). It is attractive to be able to relate extracellularly recorded potentials 
diiectly to the transmembrane potential, to validate intracellular recordings by a noninvasive 
method, to determine more about the cell being recorded from, and to assist in identifying 
signals, for example. Within this section (6.3) and the preceding section (6.2), the effects of 
distance on the signal, and of low frequency filtering, can be seen. Given the fact that it is 
impossible to determine the distance between the electrode and source in acute extracellular 
intraneural situations, it would not be possible to relate the recorded signal to the intracellular 
potential. There may be an exception if the unit could first be identified by some other means 
and have a template intracellular signal fitted, this could then be fitted to the actual signal by a 
series of approximations. In the case of the cell being near enough to the electrode to form a 
loose electrical seal, as speculated in section 2.6, and in the case of tighter seals achieved
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between array electrodes and cultured neurons, the derivation of intracellular potential from the 
extracellularly recorded potential may be facilitated. In the case of tight sealing, however, the 
extracellularly recorded potential begins to become more directly proportional to the 
transmembrane potential (Grattarola & Martinoia, 1993), as may be expected from a 
consideration of the situation.
In summary:
The SPICE analysis predicts that extracellular signals recorded from 
smaller fibres will appear to be biphasic. Signals from larger fibres, 
with high propagation velocities, will be triphasic, but will appear 
monophasic as the positive phases will be hidden in noise.
These predictions correlate well with observations made (chapter 4), 
although the incidence of monophasic spikes in the recordings appears 
to be greater than anticipated (since few fibres above 5p,m diameter 
were expected). This is probably due to the underestimation of 
propagation velocity made in the model of the fibre (6.1).
The major frequencies contributing to the signal are expected to be in 
the region of 500Hz for small fibres (Fig 6.17a), IkHz for larger 
fibres (Fig 6.17bc) and 4kHz for very large fibres (eg, the FETi - Fig 
6.17e).
The effects of filtering low frequencies are dependent on the filter 
characteristics and the input signal. However, as the 3dB point is 
increased (Fig 6.18), the leading phase of the classic triphasic signal is 
attenuated, and the trailing phase is increased. This appears also to 
have been the case with the model of the microprobe and 
instrumentation, although the relative proportions of the changes are 
different. Setting the 3dB point very high, the differential nature of the
1 4 2 ~ ~
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high pass filter becomes apparent
6 .4  FINITE ELEMENT MODELS.
It was necessaiy to use finite element modelling techniques to investigate the effects of the probe 
substrate on the recorded signal (chapter 7). Within this section, two 2 dimensional planar 
symmeti'ic finite element models are developed. The first (section 6.4.1) represents an active 
fibre in a homogeneous volume conductor. This was compared (section 6.4.3) to the simple 
homogeneous volume conductor model of section 6.2, to illusttate the effects of reducing the 
model to a two dimensional representation of finite extent. The second model (section 6.4.2) 
represents an active fibre within a neiwe trunk. This model will be developed further in chapter 7 
to include the microprobe substrate.
The ANSYS finite element analysis package, running on a Hewlett-Packard 9000/870 
computer, was used for the finite element modelling. The thermal analysis options were used to 
provide solutions to the electrical problem by simply interchanging thermal for electrical units 
where appropriate. The models were limited to small two dimensional 
representations by the availability of disk space for use by the programme and for storing the 
results.
All dimensions were normalised to the radius, a, of the fibre being considered. Most of the 
analysis was performed for Sqm diameter fibres, centred along the central axis of the nerve 
trunk. The smaller fibre size was chosen as being more representative of the fibres likely to be 
recorded from than the special case of the 15p,m diameter FETi. The placing of the fibre at the 
centre of the modelled nerve trunk was necessary because of the restriction of the model to a 
symmetiical representation.
6.4 .1  Homogeneous Finite Element Model.
The model described in this section assumes a 5qm diameter fibre is being considered, the
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values scale appropriately for a 15)am diameter fibre.
The volume conductor in which the fibre is situated was modelled by an area 2000a by 330a, 
Fig 6.20. The fibre was modelled by point current sources along the x  axis, giving rise to the 
2000a X dimension; this being the length of the simulated fibre (section 6.1, Table 6.4). The 
x=0 boundary condition is that of an insulator, since symmetry is assumed for this boundary in 
the model of the axon. The x=2000 boundary may also be approximated by an insulator since 
the model axon has an unnatural end termination at this point, and is made long enough that this 
should not significantly affect the modelled action potential. Also, there is no net flow of current 
into, or out of, a fibre undergoing an action potential; aU current flowing out, flows back in at a 
different point. Since the area of modelled membrane involved in the action potential is distant 
from the x=2000 termination, no current would be expected to flow past this boundary.
(0,330) Insulating Boundaries. (2000,330)
iI  Conductive Medium.
(0, 0) (2000, 0)
Fig 6.20 The area used to describe the finite element model of an active fibre in a volume conductor.
For comparison with the model of section 6.2, the finite element model should extend to infinity 
along the y axis, and be set to OV at this boundary. Practically, the model needs to extend a 
reasonable distance along the y axis to provide useful results. The value chosen, 330a, was 
made up from the radius of the nerve trunk (lOOjim = 40a, multiply by 6 for anisotropy = 240), 
a 10a neural sheath around the nerve trunk, and an 80 a wide area of saline, although for this 
model the sheath and saline are omitted. The y=330 boundary was also modelled as an 
insulator, since no currents are to cross this boundary (all currents flowing into /  out of the x  
axis only). It was desirable to keep the model as small as possible due to disk space 
considerations.
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The foreshortening of the model along the y axis, and its reduction to a symmetrical 
representation, will introduce errors in the results. The errors will be larger further from the x 
axis. This is acceptable since for this work, the results of interest will be near the x axis. 
Additionally, the errors can be estimated by comparison of results from this model with that 
developed in section 6.2.
The finite element mesh was automatically generated by the ANSYS software using standard 
two dimensional, eight node, isoparametric thermal solid elements (PLANE77). The same 
conductivity as used in the model of section 6.2 was used for the material; this corresponding 
with the longitudinal conductivity of the nerve trunk (anisotropy being modelled by the scaling 
of the y axis). The mesh dimensions were defined to be 40a over most of the area, but 10a in 
the region of the action potential spike (Fig 6.21). The mesh dimensions were selected with a 
view to providing accurate solutions whilst keeping the model as small as possible.
a i i
Fig 6.21 The finite element mesh used for the model of an active fibre in a homogeneous volume conductor.
The modelled axon was converted to a series of point current sources in a manner analogous to 
that employed for the volume conductor model outlined in the previous section (6.2). For this 
model, however, the area of membrane used to determine the value of the current source was a 
one radian segment, dx long, for each cylindrical element. This approximation also made the 
model less accurate further from the axis.
The individual point current sources were then summed together so that each node of the mesh 
on the X  axis represented the cumulative effect of the membrane current sources in it s immediate 
vicinity. It was not possible to make the model large enough to provide one node for each point
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current source, however the 10a divisions are adequate to represent the waveform: the steepest 
gradient of the modelled current waveform (Fig 6.9), from the negative peak to 0, extends over 
a distance of 50a (x=1022 to x=1072), allowing it to be sampled approximately five times with 
the 10a divisions. This is well within the Nyquist requirements.
The current sources thus derived were applied to the ANSYS model as nodal heat sources (the 
thermal equivalent). The voltage (temperature) of the node at (2000, 0) was set to 0; this 
represents the abnormal termination of the modelled axon, and provides a zero reference point 
for the software.
The model was then solved by ANSYS and the results stored for analysis and comparison with 
other models. The results are presented in section 6.4.3, together with the results for the model 
including the nerve trunk (next section).
6.4.2 Finite Element Model of the Active Fibre in a Nerve Trunk.
The finite element model of section 6.4.1 (homogeneous volume conductor) was modified to 
model an active fibre at the centre of a nerve trunk, surrounded by a neural sheath and immersed 
in saline.
The area modelled was divided into three areas of different conductivities (Fig 6.22). The nerve 
trunk was maintained at the same conductivity, along with the y axis scaling for anisotropy, as 
in section 6.4.1. The sheath around the nerve was modelled by an area 10a thick with the same 
conductivity as fat (2180 G.cm; Geddes & Baker, 1967). The sheath represents any specialised 
cells and connective tissue on the edges of the nerve trunk, along with fatty tissue that 
surrounds the nerves of mature adult locusts (see chapter 3). Fatty tissue has also been used to 
approximate extrafascicular and extraneural tissue in models of mammalian nerves (Yeltink et. 
al., 1989). The thickness of the nerve sheath in the model was arbitrarily chosen to be 10a to 
represent a layer a few cells thick. In experiments, nerve 5b was found to have a tough outer 
sheath where it was penetrated, but relatively little fatty tissue was observed compared to the
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ventral nerve cord in the abdominal region. The extraneural area was given the same 
conductivity as saline (70 O.cm; Geddes & Baker, 1968), in which the nerve trunk was 
immersed.
(0,330) Sheath (C7=0.00011) (2000,330)
^ (cr=o.oo357)":(0 ,2 5 0 )  
(0,240)-^I Trunk (cr=0.001812)Fibre.
(0, 0) (2000, 0)
Fig 6.22 Detail of the finite element model of an active fibre in a peripheral nerve trunk. (Conductivities in mS). Dimensions normalised to a.
The large meshing employed for the nerve sheath and saline (approximately 40a) will mean that 
solutions in this area will not be detailed. However, it has already been noted that the area of 
most interest hes near the fibre (where the probes /  electrodes will be), and that the model distant 
from the fibre will only be a rough approximation.
6.4.3 Results.
The use of finite element modelling meant that it was necessary to reduce the model to a two 
dimensional symmeuical representation of a volume conductor, with finite bounds. To 
determine the effects of this reduction, the results from the finite element model of a 
homogeneous volume (section 6.4.1) were compared with those from the infinite volume 
conductor model (section 6.2.2). Following this, the effects of the inclusion of the neural sheath 
(section 6,4.2) on the modelled signal were determined.
The models are most easily compared by peak to peak amplitude of the signal recorded by an 
ideal point electrode. These are summarised in table 6.12; this introduces a signal recorded 
1.6a from the fibre because the meshing on the finite element models only allowed plots to be 
made for multiples of 10 (10a/ 6 for anisotropy = 1.6a).
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Distance.
Infinitevolumeconductormodel.(a)
Finitehomogeneous
volume.
(b)
Withnervesheath.
(c) (6)/(a)
1.6a 36.707 499.59 987.27 13.61 I j#5a 16J32 377.28 740.84 22.55 1.9610a 7.857 269.41 508.81 34.29 I j#
Table 6.12 Comparison of peak-peak amplitudes (qV) of signals for different finite element models (5|im diameter fibre).
The signals predicted by the finite element model for a homogeneous conductor are shown in 
Fig 6.23abc, and those for the model including the nerve sheath are shown in Fig 6.23def, for a 
5p.m diameter fibre at 1.6a, 5 a and 10a distant. Contour plots from the two finite element 
models are given in Fig 6.24 to illustrate the model itself. The plot of Fig 6.24b contains mixed 
materials, and ANSYS makes approximations at the boundaries to generate contour plots. All 
results quoted in the tables and text were talcen from plots containing only one material (the 
nerve trunk).
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Fig 6.23 Extracellular signals predicted by finite element models for the 5|am diameter fibre. Homogeneous volume: (a) 1.6(  ^ (b) 5 a, (c) 10a distant; 
With nerve sheath, and saline as extraneural fluid (d) 1.6a, (e) 5 a, (f) 10a distant. The x  coordinate represents the position along the interpolated path, extending from approximately x=520a to %=1400a, but starting and ending at different points due to the path selection mechanism on ANSYS.
149
Chapter 6. Modelling the Nerve and Microprobe.
AFF: 4 ,  l : v  .]
V : :: 1 :I
. T E F - 1
.■VI- = 1
T J " iF > l  
TE: IP'
TTF : - 1 . . P7': .-niJ — .MlPlr'E 
.Ti:: = .  II r 'l'ot-o 
 Till
-  ] - t :,44;,- . 1J 1E
-  . ri.|rT7'ji. 01.IE33
A r r  4 ,  I ' l '  4i.i : ‘■'II ; vE 
li'. [ iA:, .-■..'L'ITA.II 
.'TEP - 1 ..•nt -1 
T ] I E- 1  
TE’ IP
'I FA . i i. ''
Fig 6.24 Contour plots for the two finite element models, (a) Homogeneous volume; (b) Nerve trunk with sheath and saline 
as extraneural fluid.
It is clear from table 6.12 that the reduction of the model to a two dimensional finite volume 
representation results in a significant increase in the modelled signal amplitude compared to the 
infinite volume conductor. It is interesting to note that if the distance from the fibre is plotted 
against the ratio of signal amplitudes in table 6.12, ie, (b)l(a), it is possible to fit a quadratic 
curve to them:
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Distance = -2.8996 + 0.30061[(b)!(a)] + 2.2014x10-^[(b)l(a)f eqn. 6.38.
This gives an intercept dX Distance = 0 of 9.05. By this estimate, reducing the model to the two 
dimensional finite element model results in an increase of approximately one order of magnitude 
at the surface of the fibre, which worsens further from the fibre; as may be expected from the 
restriction imposed on the y dimension. The addition of the nerve sheath increases this further, 
by a factor of about two. Additionally, current appears to be constrained to run closer to the 
fibre as evinced by the fall in the ratio (c)/(b) with increasing distance, in table 6.12.
By comparison with recorded signals, however, the finite element models bring the predicted 
signal amplitudes to approximately those found in extracellular, intraneural recordings (chapter 
4). As mentioned earlier (section 6.2.2), the reduction of the model to a finite volume was 
expected to bring the modelled signal amplitudes closer to those observed experimentally. The 
inclusion of the nerve sheath further increases the amplitudes of the modelled signals above 
those generally observed experimentally. This was expected due to the restriction of the volume 
of the model to two dimensions, and the small volume of saline included (due to disk space 
restrictions). The sheath does, however, affect the current flow within the nerve trunk (from 
table 6.12), and therefore needs to be included in the models with the probe substrate (chapter 
7).
The effects of the sheath on current flow are further illustrated in Fig 6.25. These show plots 
taken from ANSYS along a path roughly perpendicular to the minimum potential (the largest 
absolute potential) on the a: axis. That ANSYS will only interpolate paths between two selected 
nodes means that it was not possible to pick the absolute minimum point on the axis. It should 
also be noted that the 15|0,m fibre models also extend to 330a along the y axis, however because 
they are normalised to a=7.5|Lt (as opposed to o=2.5|i. for the 5|am fibre models) this represents 
a larger surrounding volume of conductive fluid.
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Fig 6.25 Potential plots taken for a path perpendicular to the minimum potential, for both the homogeneous finite element model, and 
the model including the neural sheath, (a) 15jj.m fibre model;(b) 5|-im fibre model.
By necessity (lack of numerical data and lack of disk space), the finite element models presented 
contain a number of approximations which will introduce errors into the absolute values 
predicted. However, by making comparisons between models that use the same assumptions 
and approximations, it will be possible to predict relative effects (as in chapter 7) with some 
confidence.
Summary:
• The two dimensional finite element models give better predictions of 
experimentally observed (chapter 4) signal amplitudes than the simple 
infinite volume conductor model.
• The finite element models predict much larger signal amplitudes 
compared to the simple model. The discrepancies are greater as the 
distance from the source increases.
e Relative comparisons may confidently be made between finite element
models (eg, the effect of the nerve sheath on recorded signals), since
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the models share the same approximations. Absolute values must still 
be treated with caution, however.
The neural sheath has the effect of amplifying signals by confining 
more current to flow within the nerve trunk.
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CHAPTER 7. 
MODELLING EXTRACELLULAR CURRENT FLOW AROUND 
PROBE SUBSTRATES.
Work modelling microprobe substrates in the brain (Drake, 1987; Drake et. al., 1988) has 
suggested that under some circumstances the substrate acts to amplify signals from neurons 
directly in front of the probe shank, and attenuate signals from neurons behind it. This effect 
was found to be partially dependent on the width of the probe shank itself. If this were also the 
prove to be the case for probes inserted in peripheral nerve trunks, then it would be an 
additional factor in selective recording. If signals from fibres in front (ie, the recording site side) 
of the microprobe shank are amplified compared to signals from fibres behind the shank, then 
this will promote selective recording from fibres in front of the probe. Drake et. al. (1988) also 
noted that sites situated on the centreline of the shank should record signals as well as, if not 
better than, sites situated near the edge of the probe shank. This effect also requires 
investigation for probes in peripheral nerve tmnks.
The structure of the peripheral nerve trunk, and the position of the shank relative to the fibre 
recorded from, is very different from the cortical situation modelled by Drake (1987). Also, 
previous models of thin film microelectrode recording from peripheral nerve trunks (eg, Edell, 
1984; Rutten et. al., 1993) have not considered the effects of the shank. In the present work, 
the finite element model of an active fibre in a nerve trunk, described in chapter 6 (section 6.4) 
was altered to include a probe substrate. This model was used to determine the variation of 
amplification and attenuation effects with shank width and distance from the active fibre. The 
model was also used to determine if it may be beneficial to situate recording sites on the 
centreline of the shank as opposed to the edge (based on signal amplification considerations).
The primary aim of this modelling work was to determine under what conditions the effects
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observed in the cortical naodel would occur in the peripheral nerve situation. From consideration 
of the cortical model (below), it was anticipated that for these effects to become apparent the 
probe shank would either have to be very close to the active fibre, or of significant width 
compared to the longitudinal extent of the action potential. In addition to the effects mentioned, 
it is also possible that the inclusion of the probe substrate will distort the recorded signal. It was 
not possible to investigate this during the present work, however, since to do so would require 
storing data from a number of simulations with the probe substrate in many different positions 
within the model. There was not enough storage space available to investigate this aspect.
Drake et. al. (1988) used a two dimensional numerical model to compute the electric field 
potentials in a volume conductor surrounding an active cortical neuron. In the case of Drake et. 
al., the microprobe was modelled as an insulating substrate within the volume conductor, and a 
compartmental model of the neuron was used; incorporating the soma and a single dendrite. The 
probe was positioned in the neural tissue with the shank parallel to the modelled dendrite (Fig 
7.1).
Dendriticbranch.
Soma.
■i Probe substrate. (Facing neuron.)
Fig 7.1 Diagrammatic representation of the situation modelled by 
Drake et. al. (1988).
The general conclusions from this modelling work (Drake, 1987; Drake et. al., 1988) were that 
the presence of the planar microprobe distorts field potentials, and that a wide probe would be 
directional; detecting the signals from active cells within a “hemispherical zone of influence” 
directly in front of the probe. The microprobe width should be scaled to the order of a few soma
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radii in order to minimise field distortion. It was also suggested (Drake et. al., 1988) that 
recording sites on the midline of the probes substrate may record larger signals than sites 
situated at the edge. Drake (1987) noted that the distance over which a cell would be detectable 
would be a function of soma radius (of the order of ten times the radius for a cell with a lOpm 
soma radius), and that the measured field potentials from an action potential would be 
dominated by negativity (since the soma acts as a concentrated current sink, and the sources are 
widely distributed over the dendritic tree).
7.1 FINITE ELEMENT MODELS.
The front face of the microprobe (upon which the recording sites are fabricated) is covered with 
an insulator, and the sites themselves are of relatively high impedance (1 to 10M12 at IkHz). It 
is reasonable to expect that a thin spontaneous oxide layer will form on the exposed silicon of 
the probe shank, and that the saline-silicon interface will also be of relatively high impedance at 
the frequencies of interest (Drake, 1987). The probe substrates were therefore modelled as 
insulating areas within the volume conductor model described in section 6.4.2; Fig 7.2. The 
mesh dimensions along the face of the probe were reduced to 5a to provide more accurate 
results over the small surface.
I
Fig 7.2 Finite element model of the nerve trunk including a probe substrate.
Several models were created with probes of different widths positioned at different points 
within the nerve. For all the models, a 5pm fibre was assumed. The peak of the action potential 
was at jc=1022, so in most cases probes were positioned so that the centreline of the probe was 
at x=1022. Table 7.1 summarises the different models created. The effects investigated are
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summarised in Table 7.2.
Model name. Probe position (centre of front face) (30a / 6 = 5). Probe size (width)
prl (1022, 30) 70pm = 28apr2 (1022, 30) 400pm = 160apr3 (1102, 30) 70pm = 28apr4 (942,30) 70pm = 28awidth40 (1022, 30) 100pm = 40awidth80 (1022, 30) 200pm = 80anarrowdistl (1022, 60) 70pm = 28anarrowdist2 (1022, 90) 70pm = 28a
Table 7.1 Sizes and positioning of probes in the finite element models.
1 Determine if probe substrates can be expected to significantly amplify / attenuate recorded signals in the peripheral nerve situation.
2 Determine the relative amplification of signal in jfront of probe, and attenuation behind probe due to the presence of the probe substrate.
a) The effect of the width of the substrate on this.
b) The effect of distance between probe and fibre on this.
Examine the potential distribution across the surface of the probe to determine effects of positioning the recording sites.
Table 7.2 Effects investigated using finite element models.
The probe commonly used in recordings was designed to have a shank width of 70pm (=28a), 
so most simulations were performed using probes with a 28 a wide shank. The recording sites 
being presented parallel to the% axis, as was the case when recording in practice. The widest 
probe fabricated was 400pm (=160a), and although this size shank could not easily be inserted 
in the nerve trunk, it set the upper limit of the widths modelled. The shanks of the fabricated 
probes were approximately 15pm thick, and therefore the shank thickness in the model was set 
to approximately 15pm (=6o, but multiplied by 6 because of anisotropy = 36a; this was rounded 
to 40a for convenience = 16.67pm).
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The minimum 30a spacing between the face of -the probe and the fibre was set by meshing 
considerations. The distance could have been reduced without affecting the field computations, 
if a smaller mesh had been used. However, this would have resulted in larger model and results 
files on the computer. The multiples of 30a (ie, 60a for narrowdistl and 90a for narrowdistl) 
were adopted as being convenient from the view of the meshing (ie, multiples of ten - so the 
meshes generated matched up reasonably well to the model without the probe), and were also 
approximate multiples of the probe thickness.
There was not enough disk space available to store the results of more models than those 
described here (eg, for greater distances from the fibre, more longitudinal positions, more 
variety in probe widths).
In order to minimise the errors incurred in the model by reducing it to a two dimensional 
symmetiical representation of finite extent, the results from the models incorporating the probe 
substrate were compared with the finite element model without the probe (sections 6.4.2 and 
6.4.3).
Owing to the symmetiical nature of the model, an analogy may be diawn with the case where an 
insulating cuff is positioned around the nerve trunk. However, in the present case, the 
insulating substrate was within the nerve trunk itself. The probe width is also much smaller than 
the length of a nerve cuff, being of the order of 100pm compared to several mm (Naples et. al., 
1988; Naples et. al., 1990). Modelling studies (Meier, 1992) have shown that the nerve cuff 
acts to amplify signals from fibres enclosed within it; the effect being dependent upon the length 
of the cuff. For short cuffs the position of the nodes of Ranvier relative to the ends was also a 
consideration. The nerve cuff studies are a further indication that amplification effects will be 
apparent, however they do not represent the situation modelled here since the cuffs are located 
extraneurally and are significantly longer than the probe’s width. Additionally, the models 
incorporate myelinated fibres, rather tlian the unmyelinated fibres modelled in the present work.
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since the cuffs are located extraneurally and are significantly longer than the probe’s width. 
Additionally, the models incorporate myelinated fibres, rather than the unmyelinated fibres 
modelled in the present work.
7 .2  AMPLIFICATION AND ATTENUATION VS. PROBE WIDTH.
To obtain data for the results, the path interpolation function of the ANSYS software was 
utilised. Two nodes are selected, and the ANSYS software computes the value of a selected 
variable (in this case Voltage) at a number of points along a straight line path that joins the two 
nodes. The paths selected were perpendicular to the x  axis, approximately through the centreline 
of the probe substrates. In the model used for comparison (ie, without the probe substrate), the 
path was interpolated perpendicularly from the axis at the same node position. The largest 
distance error (between the computed path lengths for the two models) resulting from path 
interpolation was 9.55% (model pr2), the average distance error was approximately 3.38%. 
This was due to one of the end nodes of the path (the one not on the x  axis) being in slightly 
different locations in different models, since the mesh was automatically generated by the 
ANSYS software.
The amplification of signals in front of the probe substrate, and attenuation behind, were 
determined by taking the potential at the centre front / back of the probe, and dividing it with the 
potential appearing at the same coordinates in the model which didn’t contain a probe substrate. 
This was expressed as a percentage. The variation of the amplification and attenuation effects 
with probe width are given in Table 7.3, and illustrated diagrammatically in Fig 7.3.
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Fig 7.3 Graphical illustration of the variation of amplification and attenuation effects with probe width. Probe 12.5p,m from the fibre.
Width (|Lim) Amplification (%) Attenuation (%) Model Name
70 124.2 84.7 prl100 135.4 76.5 width40200 171.6 65.5 widthSO400 260.6 44.1 pr2
Table 7.3 Variation of amplification and attenuation effects with probe width. Probe \2.5\xm from the fibre. The models are outlined in Table 7,1.
In terms of recording, it is convenient to use 3dB levels (half power points) to determine when 
the relative amplification or attenuation reaches a significant level (ie, when the amplified signal 
reaches twice the power normally expected, or the attenuated signal is at half the power 
normally expected). This 3dB level equates to an amplification factor of about 141%, and an 
attenuation factor of about 71%. For these simulations, the face of the probe was located 
12.5|j.m (=30 on the model) from the active fibre within the nerve tmnk. It is apparent that at 
this position, the amplification and attenuation factors start to become significant for probe
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widths of between lOOfxm and 200|J.m. This may be compared with the current source 
distribution along the fibre (Fig 6.9), where most of the activity occupies a 2mm long section of 
the 5mm long fibre model; a shank width of 200|LLm being only 10% of this. A 200p,m wide 
shank is, however, approximately the same size as the diameter of the nerve trunk (measured at 
200\xm - chapter 3). This is important on a practical basis, since large probes are difficult to 
insert into small diameter nerves.
7.3  AMPLIFICATION AND ATTENUATION VS. DISTANCE.
Although some 400|Lim wide probes were fabricated, these were impractical to use in the small 
locust nerve. Many 70jim wide probes were fabricated, and these were used for most of the 
experimental work. For these reasons the modelling work that was independent of probe width 
was performed for 70[xm wide probes. In order to determine the effects of distance from the 
neural source on the amplification /  attenuation effects discussed in the introduction to this 
chapter, a 70|im wide probe was modelled with the face at 12.5j0,m, 25|J,m and 37.5|iim (= 30a, 
60a, and 90a in the model) from the active fibre (models prl, nairowdistl and narrowdist2, 
Table 7.1). The attenuation and amplification factors were obtained in the same way as outlined 
in the previous section (7.2). The results of these models are given in Table 7.4, and graphically 
in Fig 7.4.
Distance (jim) Amplification(%) Attenuation (%) Model Name
12.5 124.2 84J prl25 116.6 85A nairowdistl37.5 108.2 81.5 narrowdist2
Table 7.4 Variation of amplification and attenuation effects with the distance of a 70|xm probe from the source. (Model descriptions are given in Table 7.1)
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Fig 7.4 Graphical illustration of the variation of amplification and attenuation effects with distance. For a 70|Lim wide probe,12.5jim, 25|im and 37.5)iim from the active fibre.
It may be expected that the amplification and attenuation effects would become less significant 
as the probe becomes more distant from the fibre (ie, both amplification and attenuation effects 
would approach 100%; where the values in the model with the probe would be the same as 
those in the model without the probe). This is because a probe distant from a current source is 
surrounded by a large volume of conductive tissue, and there are many alternative current paths 
around the substrate. When the probe is near a current source, however, the substrate occludes 
a significant portion of the volume through which current can flow from / to the source.
From the data presented, it is apparent that the situation is not as simplistic as this. The trend 
towards 100% for the amplification factor is apparent, and a trend towards 100% for the 
attenuation factor is also apparent as the probe is moved from 12.5p,m to 25p.m. However when 
the face of the probe is 37.5pm distant from the fibre the attenuation factor is lower than when 
the probe is 25pm distant (81.5% cf. 85.4%). The attenuation factor is determined at the back 
of the probe substrate, a further 16.67pm distant from the fibre source. When the face of the
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probe is 37.5pm from the fibre, the back of the probe is 54.17pm from the fibre; which is over 
half the radius of the nerve trunk (100pm radius). It would appear that here the probe is acting 
in combination with the nerve sheath, restricting the current flowing behind the probe and 
further attenuating the signal. It seems likely that this displaced current would flow in front of 
the probe and contribute to the amplification factor. However in this particular case, a 
corresponding change in the amplification factor is not obvious in the data presented. It is 
possible that the currents involved are too small to cause an obvious change. Further work 
needs to be performed to investigate these results; this will benefit from modelling 
improvements (discussed in chapter 9) and the availability of more disk space.
7 .4  AMPLIFICATION NEAR THE EDGE COMPARED WITH 
AMPLIFICATION AT THE CENTRE.
It has been suggested from studies on the brain that recording sites located on the centreline of 
the probe shank record “as well, if not better” than recording sites located near the edge of the 
shank (Drake et. al., 1988). In order to determine if this could be significant in the peripheral 
nerve recording situation, the amplification factors at the edge and centreline of the front face 
were computed for probes of different widths (12.5pm distant from the fibre). The 
amplification factor at the centreline was divided by that at the edge to give the relative 
amplification, which was expressed as a percentage (Fig 7.5, Table 7,5).
The relative amplification for the 70pm wide probe could not be accurately calculated from the 
data available; the largest value was the 101.4% obtained from the narrowdist2 model. The 
amplification values for the centre of the probes, given in Table 7.5, are different from those 
used in the previous sections (7.2 and 7.3) since in this case the path chosen did not have to 
intersect the x  axis. Instead, path data were taken along the face of the probe substrates, and 
compared to the data fr om the model without the probe substrate (Fig 6.23e).
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Fig 7.5 Relative amplification (centre % / edge %) for probes of various width, 12.5|am from the fibre.
Width (|uim) Amp. at Centre (%) Amp. at Edge(%) Rel. Amp. (centre % / edge%) ModelName.
70 118.2 116.6 101.4 narrowdist2100 137.0 131.6 104.1 width40200 179.8 157.6 114.1 widthSO400 272.3 207.3 131.4 pr2
Table 7.5 Relative amplification data for probes of different widths,12.5p.m from the fibre. (Models described in Table 7.1)
Again it is convenient to utilise the 3dB level to indicate significance (ie, a 141% relative 
amplification). It is clear from the results presented that whilst recording sites positioned on the 
centreline of the shank may be expected to record slightly larger signals than those positioned 
near the edge, the difference is not particularly large in the peripheral nerve situation modelled. 
The relative amplification appears to be at least partly related to the width of the probe shank; 
greater differences being expected for wider shanks. However even for the 400(xm wide shank, 
the difference was relatively small (ie, less than 3dB), and in experimental work it was found
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that the probes with 400jrm wide shanks were too large to be easily inserted into the nerve trank 
under investigation. It may be that the relative amplification factor becomes significant for 
probes with shanks greater than 400|im wide, however these would be too unwieldy to use in 
the locust preparation, and could potentially cause excessive damage during insertion into 
peripheral nerve trunks.
7.5  SUMMARY OF FINDINGS.
It was not possible to perform an exhaustive or particularly detailed modelling study due to the 
limitations imposed by the available disk space (improvements in the modelling work will be 
discussed in chapter 9). From the models studied a number of points can be made.
• For probes close to the active fibre (12.5jim = So), amplification and 
attenuation effects become significant for probe widths greater than 
lOOjLim. The 200|J,m wide probes modelled were approximately one 
tenth of the longitudinal extent of the action potential along the fibre.
• Based on the relative amplification of the signal. With probe widths 
that are practical for this application (less than the nerve trunk 
diameter; 200(im), there are no significant advantages in placing 
recording sites on the centreline compared to recording sites placed 
near the edge of the probe.
9 It would appear (from the results of section 7.3) that there are a
number of factors contributing to the phenomena observed in sections 
7.2 and 7.4; at least one of which is the nerve sheath. This indicates 
that care should be exercised when extrapolating the results for probes 
at different distances from the fibre.
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CHAPTER 8. 
MICROPROBE RECORDINGS,
This chapter discusses the methods and results of neural signal recording from locust peripheral 
nerve using microprobes. It was originally intended to develop suitable experimental techniques 
for microprobe recording, and then to go on to investigate the selectivity of microprobes when 
recording from peripheral nerve in detail. Unfortunately due to problems with the probe 
fabrication (chapter 5; section 5.3) and the equipment employed (improvements discussed in 
chapter 9), it was only possible to make an initial investigation into the selectivity of the probes. 
However, the results from this were extremely encouraging.
Due to fabrication concerns (discussed in chapter 5), probes with 8|im by 8|Lim recording sites, 
situated along the centreline of a 70|J.m wide shank, were chosen for experimental work. Probes 
P.4, P.5, P.7, and P.9, were used; the results of the functional testing of these were given in 
chapter 5 (table 5.2).
8.1 EXPERIMENTAL METHODS.
The instrumentation used for the gold wire microelectrode recording experiments (chapter 4) 
was expanded to five channels for use with the microprobes. A five channel version of the 
headstage amplifier (shown in Fig 4.2) was constructed on a double-sided PCB, with an 
extensive ground plane. Similarly, a five channel version of the amplifier / filter circuit (shown 
in Fig 4.6) was constructed. This was done on an Eurocard size prototyping board using the 
verowiring system. In order to reduce drain on the batteries over the recording session only the 
headstage amplifier was battery powered. The five channel amplifier / filter circuit was powered 
by a bench power supply unit.
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The probes were mounted on PCBs, as described in chapter 5 (section 5.4). The mounted 
probes were affixed to the headstage amplifier board using a little epoxy. The ground plane on 
the bottom of the probe PCB contacted the ground plane on the component side of the headstage 
PCB; conductive silver paint was used to ensure a good electrical contact. The edge connector 
on the probe PCB was connected to corresponding tracks on the headstage board via short 
wires soldered between the two. In use, the mounted probe and headstage amplifier were 
affixed to a 3-axis mechanical micromanipulator for positioning. The equipment used is shown 
in Fig 8.1, in the configuration used for the experimental work.
The locust was dissected as detailed in section 4.3, and experimental work was carried out 
under a Zeiss stereo microscope. The output of the amplifier / filter circuitry was displayed on a 
storage oscilloscope (Hewlett Packard 54501A). A permanent record was provided by a printer 
connected to the oscilloscope. The probe tip was positioned in the nerve under investigation, 
usually nerve 5b of the metathoracic ganglion. Spontaneous signals were recorded as well as 
signals evoked by gently touching the femoral - tibial joint of the metathoracic leg. Following 
the experiment the probe was positioned in the saline away from any tissue, and the baseline 
noise level for each of the channels used was determined. In some preparations recordings were 
made from the ventral nerve cord in the thoracic - abdominal region, and the response to a puff 
of air directed at that cercus was monitored. Subsequent to recording the probes were rinsed in 
distilled water and stored for use later. All the probes used in experimental work were re-used 
until the tip was broken off, rendering the probe useless.
Despite the care taken in construction, the level of mains interference (which was acceptable for 
recordings with gold wire microelectrodes - chapter 4) was found to be unacceptable in early 
microprobe recordings. By a process of trial and error, it was found that connecting the 
microscope to circuit common (OV), and placing a grounded steel plate under the stage reduced 
50Hz interference from the mains power to acceptable levels.
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Fig 8.1 (a) Photograph of the experimental set-up used in microproberecordings, (b) Indication of each of the items of equipment used.
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8.2  RESULTS OF MICROPROBE RECORDING WORK.
As mentioned earlier, and discussed in detail in chapter 5, all probes selected had recording sites 
positioned along the centreline of the probe shank. The channels were numbered based on the 
position of the bonding pads on the probes, and the relationship between channel number and 
position of the recording site on the shank was given in Fig 5.11; this is reproduced for 
convenience in Fig 8.2.
1 2 3 45
Fig 8.2
Channel 3
Channel 4
Channel 2
Channel 5Channel 1
Relationship between channel number and recording site position for the 5 site microprobes with recording sites situated on the centreline of the shank, spaced 20[am apart.
During the first recording session the gams of each of the channels on the amplifier /  filter circuit 
were adjusted to provide the best response without saturating the oscilloscope display with 
noise, or causing spikes to be clipped on the display. These gains were then maintained for all 
subsequent recording sessions. The scale bars given on the output plots in this chapter are 
derived from the measured channel gains at IkHz. However because of the rounded response of 
the filtering circuitry used (Fig 4.7) these serve only as an approximation to the actual signal 
amplitudes.
The probes were found to penetrate the nerve trunks without any abrading of the surface being 
necessary, as was the case for the gold wire microelectrodes. Fig 8.3 shows damage to nerves
169
Chapter 8. M icroprobe Recordings.
arising from the metathoracic ganglion of a locust used in experimental work. The locust was 
stored in absolute alcohol for two weeks prior to the photograph being taken. This caused the 
neiwe trunks to whiten, making them more easily visible, as well as considerable dehydration. 
Damage due to the probe penetration is in evidence on nerve 5b, as well as nerve 3. The nerve 
trunk overlying nerve 5b, was pushed out of the way by the probe shank when penetrating 5b. 
This generally resulted in most of the penetrations being on the posterior side of the nerve. 
Penetrations of nerve 3, and the ganglion itself, were attempted in some of the experiments but 
no signals were recorded. Attempts to penetrate the ganglion usually resulted in probe breakage.
Fig 8.3 Damage to nerves of the metathoracic ganglion due to probe penetration (arrowed). This locust was stored in absolute alcohol for two weeks prior to this photograph, resulting in whitening of the nervous system and dehydration of the 
tissues. Nerves are labelled.
To ensure that the signals recorded originated from a nerve trunk, as much tissue as possible 
was dissected away from the nerve trunk. The preparation was also monitored under the 
microscope to ensure that the probe impaled the nerve trunk. Stimulation, by light touch, of the
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preparation was kept as gentle as possible to minimise disturbance and to keep the motion of the 
legs to a minimum. The preparation was pinned firmly to the wax, and the thorax was not 
observed to move even with quite vigorous motion of the legs.
In a few cases, recordings were made from the ventral nerve cord where it left the thorax and 
entered the abdomen. Signals were evoked by a puff of air on the cercus. This is known to 
stimulate activity in the giant fibres of the locust’s nerve cord (chapter 3). Unlike the cockroach, 
however, this does not initiate an “evasion response”. (Cook, 1951). Stimulating the femoral - 
tibial joint of the metathoracic leg in the manner required to evoke signals in nerve 5b failed to 
cause signals to be recorded when the probe was inserted in the ventral nerve cord. This further 
indicated that the signals recorded were neural signals originating from nerve 5b.
Fig 8.4 shows results from two different recording sessions, along with baseline noise plots 
(original plots are reproduced in Appendix A5). The trace of Fig 8.4b is the most typical of 
signals recorded with microprobes (four experimental sessions, 71 plots). In general 
comparison with the recordings made with the gold wire microelectrodes (Fig 4.8), a reduction 
in 50Hz mains interference is obvious, due to the microscope being electrically connected to 
circuit common. The spike amplitudes are much smaller than those recorded with gold wire 
microelectrodes; some of the larger spikes in Fig 8.4b being of the order of 90|iV to 100|uV 
peak to peak compared with many spikes of the order of 300|uV to 600|uV in Fig 4.8. The 
presence of biphasic signals is also less apparent in Fig 8.4 compared to Fig 4.8.
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Fig 8.4 Typical neural signals recorded from nerve 5b of the metathoracic ganglion, from two different sessions, (a)Baseline noise for (b) Signals recorded on channels 2 and 3 of P.5. Scale bars are 36|J,V and 2ms. (c) Baseline noise for (d)Signals recorded on channels 1 and 2 of P.9. Scale bars are 
33|liV for channel 1, 36|aV channel 2, and 2ms. Signals 
evoked by lightly touching the femoral - tibial joint of the metathoracic leg. Scale bars derived from gain at IkHz. 
Oscilloscope inputs were AC coupled. Originals reproduced in Appendix A5.
In many of the microprobe recordings, there was no evidence of selectivity that could be easily 
distinguished above the baseline noise level, as in Fig 8.4b. The recording sites associated with 
channels 2 and 3 were separated by 40|im, as were those of channels 1 and 2 (Fig 8.2). In Fig 
8.4d, there appears to be some evidence of selectivity between the two channels. Whilst spikes 
A and J are of approximately the same amplitude in records from both channels, many of the 
spikes in the record from channel 1 are attenuated in channel 2, and some cannot be 
distinguished above the noise level. Table 8.1 gives approximate amplitudes for the labelled 
spikes, taken from the negative peak to the following positive peak. Given the noise levels and 
slightly different channel gains, it is difficult to make an accurate comparison. From their
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amplitudes in channel 1, it is possible that spikes B, C and E could be lost in noise in channel 2. 
However, spike D is quite large and would be expected to appear in the recording of channel 2 
with an amplitude of about 51|xV (assuming the selectivity in recording was the same as for 
spikes A and J). The trace shown in Fig 8.4d was the first in a series recorded by the probe in 
that position, and subsequent recordings did not show the same level of selectivity. Only two 
plots were produced that clearly demonstrated a degree of selective recording with multi-unit 
activity; these are shown in Fig 8.4d and 8.5b.
ike. Channel 1. Channel 2.
A 80 79B 37 -C 39 -D 51 -E 41 -F 63 39G 59 43H 45 32I 59 47J 69 71K 61 41
Table 8.1 Peak to peak amplitudes (jaV) for spikes identified in Fig 8.4d.
More convincing evidence of selectivity was obtained during a different recording session using 
the same probe as used to obtain the traces in Fig 8.4b, P.5. Typical results from that particular 
recording session (13 plots) are shown in Fig 8.5ce. The full set of recordings for the session is 
reproduced in Appendix A6.
The trace of Fig 8.5b was the first to be taken during the session in which all plots in Fig 8.5 
were made. In Fig 8.5b there are a number of action potential spikes appearing in channel 2 that 
are very much attenuated in channel 3 (with the exception of some spikes at the start of the trace, 
for which the opposite is true). The recording sites associated with channels 2 and 3 were 
separated by 40|im (Fig 8.2). Although the probe was not adjusted, the activity pattern 
demonstrated in Fig 8.5ce was typical of all subsequent plots taken during the session. Possibly 
this was due to vibration of the probe, or a settling effect during the mechanical stimulation that
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evoked the potentials.
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Fig 8,5 (a) Baseline noise for (b) and (c) Signals recorded on channels2 and 3 from probe P.5 inserted in metathoracic nerve 5b. (d)
Baseline noise for (e) Signals recorded on channels 3 and 4 for the same preparation. Scale bars are 36|liV for channels 2 and 3, 50|xV for channel 4, and 2ms. Signals evoked by lightly touching the femoral - tibial joint of the metathoracic leg.
In Fig 8.5c, the spikes appearing in the trace of channel 3 are barely visible above the noise 
level in the trace from channel 2. This further indicates good selectivity for recording sites
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spaced 40|im apart. For recording sites spaced 20p,m apart however (Fig 8.5e), the signals 
recorded show no clear differentiation in amplitude between the two channels. In referring to 
records from the entire session (Appendix A6), there appears to be a general trend in that the 
recordings became slightly less selective as the session proceeded. The amplitude of the spikes 
appearing on channel 3 also appeared to reduce in amplitude slightly. This is indicative of 
worsening tissue damage around the probe shank with time; extracellular fluid pooling around 
the probe would decrease the resistance between recording sites, and to ground, resulting in less 
selectivity and attenuation of the signal.
8 .3  DISCUSSION OF RESULTS OF MICROPROBE RECORDING.
The locust animal model was a worst case when attempting to achieve selective recordings. A 
much larger membrane area is involved in the propagation of action potentials in unmyelinated 
fibres than for the equivalent diameter myelinated fibre, resulting in larger extracellular signals. 
The locust model was therefore expected to have a large number of units which would appear 
with approximately the same amplitude at all recording sites. However, it was also expected that 
small signals would be seen that would appear only at particular sites. Fig 8.4 illustrates that 
large signals are recorded at all sites in the manner expected. However, these ‘large’ signals are 
much smaller (approximately three to six times smaller) than those recorded with the gold wire 
microelectrode, discussed in chapter 4. It is possible that many of the signals from smaller 
fibres that may have been selectively recorded, were of too small an amplitude to appear above 
the noise level.
The spike train presented in Fig 8.5c is very similar to that presented in Fig 4.9c. The period of 
the spikes in Fig 8.5c is greater than that of the spikes in Fig 4.9c, however the pattern of 
activity would be expected to vary between preparations. The average amplitude of the spikes in 
Fig 8.5c is approximately 73|iV compared to 110(1 V for spikes labelled A in Fig 4.9c. With 
both the gold wire microelectrode and the microprobe, it was relatively unusual to record the 
spike train activity presented in Figs 8.5c and 4.9c, the composite activity of shown in the other 
plots being more usual. It is likely that the spike-train activity is only apparent when the
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electrode is in a particular position within the nerve trunk.
Since the spike amplitude recorded for this spike train was relatively small (110|iV cf. 300- 
600|iV for the composite activity - see chapter 4), it is possible that it is normally swamped by 
activity of larger fibres; this suggests that in cases where it was recorded in the present work, 
larger fibres could have been damaged by the electrode. In the case of microprobe recordings of 
multi-unit activity (Fig 8.4) signals appear to be attenuated compared to recordings made with 
metal wire microelectrodes (Fig 4.8). If the spike train were similarly attenuated in these 
records, then this would further hamper its identification amongst multi unit activity. The only 
case in which spikes recorded by probes appeared to be of approximately the same amplitude as 
spikes recorded by metal wire microelectrodes was the case of the spike train in Fig 8.5ce 
(assuming that this correlates with the spike train in Fig 4.9c). In this case it appears that the 
probe had been manipulated to a position conducive to recording this activity, and signal 
attenuation was less than in other recordings.
The lack of evidence of selectivity in the recordings made can easily be related to the much 
attenuated neural signals recorded by the probe (90(1 V to lOOjiV in Fig 8.4b, cf. 300(1 V to 
600(iV in Fig 4.8). Spikes originating from large fibres would be expected to appear in records 
from all channels at approximately the same amplitude. If it is assumed that the largest ( 100(1 V) 
spikes recorded by the probe originate from large fibres, then it is apparent that spikes from 
small fibres (which would be selectively recorded) would probably be below the noise level of 
the electrode and electronics. It is, however, important to explain why the signals recorded by 
the probes are so small compared to metal wire electrodes when the modelling work indicated 
that the signals would be of the same amplitude or larger. The loss of the obviously biphasic 
appearance to the signals (Fig 8.5 cf. Fig 4.9) also needs to be explained.
The microprobe shank was relatively large compared to the gold wire microelectrode. In 
addition to this the recording sites were situated on the front face of the probe shank whereas for 
the gold wire microelectrode the recording site was at the tip of the electrode. Any damage 
caused by the insertion of the microprobe would overlie all the recording sites, whereas at the
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tip of the gold wire microelectrode, damage would be minimal. Modelling work by Drake 
(1987) suggested that fluid pooling over the face of a microprobe due to tissue damage would 
have two significant effects. Firstly, there would be a loss of selectivity; the fluid pooling over 
the electrode sites would provide a low resistance path between them so that each site would 
record the same signal. Secondly, the fluid could provide a low resistance path to ground, in 
which case the recorded signals would be significantly attenuated compared to the expected 
signal level.
The ragged edges of the probes from the early wafers (Fig 5.4) could have further aggravated 
the damage due to probe insertion. (Probes P.4 and P.5 - plots using P.4 showed typical multi 
unit activity, plots from P.5 have been discussed in this chapter). In probes from later wafers 
where the thin films at the tips had been under etched (Fig 5.7), the films could have bent back 
during insertion into the nerve, causing considerable damage to the tissue. (Probes P.7 and P.9; 
typical multi unit activity was obtained from both - plots from P.9 have been discussed in this 
chapter). Fig 8.6 shows the tip of a probe (P.7) recovered after it had broken off during an 
experiment. The films at the tip are bent back, and biological debris is in evidence over the 
recording sites even though the tip was rinsed in distilled water before being prepared for the 
SEM. The nerve trunk into which the probes were inserted was immersed in saline, so fluid 
pooling around the probe shank due to tissue damage could have shorted to ground through the 
saline. The best signals recorded with the probe, in terms of selectivity, (Fig 8.5; Appendix A6) 
show a slow deterioration of quality over the recording session, indicating that damage in the 
region of the probe is worsening.
The evidence that signal attenuation was due to tissue damage around the probe shank is very 
strong. This damage can be traced to the probe shank itself (irrespective of etching 
problems), and mechanical vibration during insertion due to the coarse mechanical 
micromanipulator used and the experimental set up. The damage can also be traced to films 
bending at the tip of the probe (Fig 8.6), and to debris adhering over the probe shank. 
Additionally, the small diameter of the locust nerve trunk (200jàm) also contributes to the 
difficulty of inserting probes without causing damage. The appearance of selectively recorded
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signals (Fig 8.5c and to a degree in Fig 8.4d) indicates that the damage due to probe insertion 
itself can be maintained at a relatively low level, and the other contributing factors mentioned 
cause the level of damage that obscures evidence of selective recordings and attenuates signals 
to the degree commonly found.
S : 0 0 0 0 0  P : 00032681X50UM 25KV WD:17MM
*
Fig 8.6 SEM of the tip of a probe after use recording from locust 
peripheral nerve. The probe was coated with gold for this photomicrograph.
The second phase of the biphasic potentials recorded with the gold wire microelectrode (Fig 
4.9c) was generally broader than the first (negative) phase. This was also reflected in the results 
of the modelling work on the effects of filtering the extracellular signals (Figs 6.15 and 6.16). 
The second phase was also, generally, of lower amplitude than the first phase. The longer time 
period of the positive phase means that noise is far more noticeable on it. It is also possible that 
since the microprobes recorded attenuated signals compared to the metal wire microelectrodes, 
then some parts of the triphasic extracellular signal could have been lost in noise before being 
filtered and amplified by the circuitry, leading to unexpected signal shapes at the output.
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It is encouraging to note that despite the problems of probe fabrication and insertion, it seemed 
possible to record selectively from sites spaced 40|im apart (Fig 8.5c), and that a degree of 
selectivity was also demonstrated for recordings involving multi unit activity (Fig 8.4d), 
although this conclusion is drawn in the absence of a reliable method to calibrate the signal’s 
source. Improvements to the probe fabrication process, and insertion of probes into the nerve 
ti-unk, need to be made so that the level of selectivity ultimately achievable may be determined 
(discussed further in chapter 9, section 9.3).
Modelling work for myelinated fibres in nerves, where the intrafascicular tissue was treated as a 
homogeneous anisotropic conducting medium, has suggested that recording site spacings for 
selective recording should be of the order of 80(xm to 150|im (Rutten et. al., 1993). Based on a 
one to one node to site ratio (ie, one node on each fibre is associated with one recording site), a 
cubic grid of recording sites spaced 50(im apart has also been suggested (Meier, 1992). The 
results presented here (notably Fig 8.5 and Appendix A6) indicate that selective recordings can 
be made for sites that are closer together than 50(im (ie, 40(im in Fig 8.5c) for the locust animal 
model; which was expected to be worse in terms of selective recording than an animal model 
with myelinated fibres.
It has been observed that smaller recording sites are more selective than large sites for single 
unit recording (chapter 2, section 2.6). Based on the results in this chapter, it is likely that the 
small site size (8|J,m by 8|J.m) on the probes used was one of the factors making it possible to 
record more selectively than expected (cf. Rutten et. al., 1993). Inhomogeneities in the tissue 
may also have been another contributing factor.
The finite element model of the locust nerve presented in chapter 7 includes the inhomogeneity 
of the probe substrate itself. However this work did not seek to investigate selectivity since to 
do so would require more accurate models from which absolute values of the extracellularly 
recorded signal could be predicted with confidence. Improvements to these models will be 
discussed in chapter 9 (section 9.3).
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It should be noted that employing differential recording techniques would be expected to 
improve selectivity (these were not used in the present work). The signal amplitude drops off in 
inverse proportion to the distance between the source and the recording site for monopolar 
recording (eqn. 6.36, Fig 6.25). Differential recording between adjacent sites is expected to be 
more selective since the amplitude drops with the square of distance when the recording site pair 
is distant from the source (Edell et. al., 1986a). Differential recording was not investigated in 
the present work since it was desirable to compare signals recorded with microprobes with 
those recorded with the monopolar gold wire microelectrodes. The use of differential recording 
techniques should also be addressed in future work (chapter 9).
In the preceding discussion, poor evidence of selective recording was attributed to fluid pooling 
over the recording sites of the probe, forming a low resistance path between them. This 
primaiily results from tissue damage caused by insertion of the probe. In order to achieve higher 
selectivity and lower cross-talk, it is necessary to reduce tlie damage caused during insertion of 
the probe. In addition, it would also be desirable to promote tissue adhesion to the probe 
substrate, so that high resistance seals are formed around the recording sites.
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CHAPTER 9. 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK.
The conclusions from the modelling work presented in chapters 6 and 7, and the microprobe 
recording work (chapter 8) are discussed and summarised in section 9.1. Before identifying 
areas for investigation in the immediate future, an attempt is made to relate some of the results of 
the present work to myelinated fibres (as these will have to be considered for vertebrate animal 
models, and eventually for the proposed final application of this work in humans). The active 
sensor system for use in FES that was outlined briefly in chapter 1 is described in more detail, 
including some consideration of how the data generated by the probes may be handled. The 
development of probes with on-chip circuitry is also discussed, including special considerations 
required by the proposed application. The chapter concludes by listing other areas that also need 
to be investigated in order that an implanted system may be developed.
9.1 CONCLUSIONS FROM THIS WORK.
There are two aspects of the modelling work from which conclusions will be drawn; the 
filtering of the extracellular signals (section 6.3) and the finite element models which included 
the probe substrate (chapter 7). Conclusions will also be drawn from the microprobe recording 
work described in chapter 8.
9.1.1 Modelling.
The SPICE modelling of the effects of the probe and instrumentation on shaping the 
extracellularly recorded signal was particularly successful when comparing the modelled results
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to signals recorded by the gold wire microelectrode.The poorer correspondence between the 
modelled results and signals recorded by microprobes is ascribed to the problems involved in 
the microprobe recordings (discussed in section 8.3).
The SPICE modelling highlighted two important, related, considerations for recording work. 
Firstly that the position of the lower 3dB point of the filter will have significant effects on the 
recorded signal. Secondly that the filter will act to reshape the signal; so that in some cases the 
shape of the filtered signal can be significantly different from the shape of the extracellular 
signal. Additionally these effects will be dependent upon the frequency content of the 
extracellular signal, and therefore upon the propagation velocity and fibre^diameter. One may 
conclude from this that the instrumentation effects on the extracellularly recorded signal must be 
fully understood, and preferably modelled, before predictions can be made based on the shape 
of the recorded signal.
These observations are not particularly unexpected, they do need emphasis however. They are 
especially important if it is desired to relate the extracellularly recorded signal to the 
intracellularly recorded signal (eg, Connolly et. al., 1990) or to match the recorded signal to a 
model (eg, Goodall & Horch, 1992). It can be seen from Fig 6,17 that the frequency content of 
the extracellularly recorded signal extends all the way down to DC. This can also be seen from 
the fact that the extracellular signal in the vicinity of the fibre membrane is proportional to the 
second differential with time of the intracellular signal (Plonsey, 1977). Since the intracellular 
signal has a DC component, it follows (from the differentiation property of the Fourier 
transform) that the extracellular signal would extend down to DC (although the DC component 
itself would be 0).
It is convenient to set the low frequency cut off point of the filter to as high a frequency as 
possible in order to remove low frequency noise, particularly 50Hz mains pickup. Since the 
extracellular signal has frequency components down to DC, this filtering will reshape the signal. 
The degree of reshaping will be dependent on whether or not a significant portion of the low 
frequency components of the spike are filtered out. As the degree of high pass filtering becomes
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significant, the signal will become partially differentiated with respect to time. This is evident 
from Fig 6.18, and can also be inferred from the differentiating properties of high pass filters.
From the finite element modelling results presented in chapter 7, a number of conclusions can 
be drawn. The results from the investigation of signal amplification and attenuation effects show 
that the probes do not have to be particularly wide compared to the longitudinal extent of the 
action potential for these effects to become significant. In the cases modelled, these effects were 
significant for probes with widths of the same order of size as the diameter of the nerve trunk in 
which the probe was inserted. Also, in the situation modelled, there appeared to be no 
significant advantage in placing recording sites on the centre line or near the edge of the probe 
shank (based on consideration of relative amplification effects).
It was further shown in chapter 7 that the amplification and attenuation effects may be expected 
to vary with the distance of the probe substrate from the fibre. It was determined that this was 
not a simple linear variation, however, and it appears that other structures interact with the probe 
substrate to modulate these effects with distance. It was suggested that the nerve sheath itself 
was at least one of these structures. In the light of this discovery, it is not possible to simply 
determine amplification / attenuation effects when the probe is an arbitrary distance from the 
fibre by simple interpolation from the results at one position.
9.1.2 Recording.
The microprobe recording experiments demonstrated that very high selectivities can be 
achieved, although further work is necessary to verify the results presented. The results 
presented in Fig 8.5 and Appendix A6 suggest that it is possible to record more selectively with 
microprobes than predicted by modelling work (Rutten et. al., 1993). The results also show 
selective recording at lower electrode spacings than previously used in peripheral nerve 
recording with microprobes (50|im - Rutten & Bouwman, 1991). It was not possible to make 
selectivity predictions based on the models presented in the present work, since these models do 
not confidently predict absolute values for the recorded signals. Myelinated fibre models (Edell
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et. al., 1986a; Rutten et. al., 1993) would be expected to predict higher selectivity than for the 
locust, since the extracellular potentials would generally be smaller for myelinated fibres than 
for unmyelinated fibres.
It may be concluded from the evidence that the selectivity of microprobes when recording from 
peripheral nerves can be much greater than current predictions from modelling work. This 
suggests that the geometric size of the recording site has more influence over the selectivity than 
just the noise performance (as discussed by Edell, 1984; Edell et. al., 1986a). That is: smaller 
sites have higher impedances and spreading resistances and hence more thermal noise, so the 
number of signals appearing above the noise is fewer, implying higher selectivity. However, the 
appearance of a single selectively recorded signal significantly above the background noise (Fig 
8.5) suggests that other factors are involved. It is not possible to include the effect of the 
geometric size of the recording site in models, other than as a noise model, until the mechanism 
by which smaller sites are more selective is better understood. It is likely that this is related to 
inhomogeneities in the intrafascicular tissue, another area that has to be investigated. In previous 
models (eg, Meier, 1992; Rutten et. al., 1993), and in the models reported in this work 
(chapters 6 and 7), the intrafascicular tissue was modelled as a homogeneous anisotropic 
conducting medium. On the scale of the microelectrode recording sites the tissue is not 
homogeneous, and the experimental work suggests that a modelling investigation into this may 
shed considerable light on selectivity of microelectrodes and cell - electrode coupling 
mechanisms.
A major problem in the development of more accurate models will be the lack of data on the 
electrical resistivity / impedance of the structures within the nerve trunk. Presently there is 
already a lack of appropriate data, not only for the locust but also for modelling studies on rat 
and human nerve. For instance, other researchers have had to estimate values for the resistivities 
of structures based on the what is known about the composition and microstructure of the tissue 
(Stegeman & De Weerd, 1982; Veltink et. al., 1988; Veltink et. al., 1989).
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9.1.3 Summary.
The conclusions from this work are:
• The shape of the recorded signals is dependent on the filtering 
employed. The high pass filter (low frequency 3dB point) will act to 
differentiate the recorded signal to some degree. With a triphasic signal 
(Fig 6.18), the filter will tend to attenuate the leading positive phase, 
and enhance the later one.
• The probe substrate will act to amplify signals from neurons in front 
of it and attenuate signals from neurons behind it. These effects are 
evident even for substrates with widths significantly smaller (the order 
of one tenth) than the longitudinal extent of the action potential.
• For this particular application there appears to be no advantage, in 
terms of signal amplification, in situating recording sites on the centre 
line of the probe shank as opposed to siting them near the edge. This 
is because the probe widths required for there to be a significant 
difference are much greater than the diameter of the nerve trunk 
investigated.
® The amplification / attenuation effects are partially dependent on the
distance of the probe from the fibre. They also appear to depend to 
some degree on the presence of other structures of the nerve trunk and 
their position relative to the probe. This may, however, be an artifact 
of the two dimensional model used, and fmther work must be carried 
out to verify this.
• Experimental work suggests that it is possible to selectively record 
from electrodes spaced more closely than the minimum spacing
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predicted by simple models; this conclusion being drawn in the 
absence of a reliable method to calibrate the signal’s source. It is 
necessary to develop models that include inhomogeneities in the 
tissue, and to obtain basic data for these models, in order to fully 
investigate factors relating the geometric size of recording sites to 
selectivity. It is also necessary to support the modelling work with 
appropriate experimental work.
9 .2  RELATING RESULTS TO MYELINATED FIBRES.
AU the results presented in this work were related to the locust, since this was the animal model 
used; and it was expected that it would continue to be used for follow up work. In the final 
application the intention is that the probes will be implanted in humans, and prior to that a 
mammalian animal model would have to be used. In these models probes will be recording from 
myelinated fibres as well as unmyelinated fibres. It is desirable therefore to try and relate the 
results from the present work to animal models in which probes will be recording from 
myelinated fibres. However at this stage it is only possible to draw some generalisations about 
recording from myelinated fibres.
Since a smaller membrane area is involved in the action potential with myelinated fibres (ie, only 
at nodes of Ranvier) compared to unmyelinated fibres, then smaller currents are expected to 
flow in the extracellular medium and hence smaller extracellular signals will be recorded. This 
should lead to greater selectivity, since fibres will have to be closer to a particular recording site 
to register signals above the noise level (ie, signals from fewer fibres will be visible in the 
record from a particular recording site).
Although the results from the modeUing work indicate that the probe width does not have to be a 
significant fraction of the longitudinal spread of the action potential in order for amplification / 
attenuation effects to be observed, with myelinated fibres the longitudinal spread of the action 
potential will be greater than for unmyelinated fibres since it occupies several nodes. Nodes 
being typically spaced of the order of 100|im to 1.8mm apart (Sunderland, 1978). It is 
reasonable to suppose, however, that the amplification / attenuation effects observed for probes
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may be significantly enhanced when the probe substrate is near a node of Ranvier compared to 
when it is in between two nodes. This is because there are many current paths around a probe 
shank between two nodes, however when the probe substrate is close to a node it blocks a 
significant area through which current could otherwise flow to / from the node. Should these 
amplification / attenuation effects near a node prove to be significant, it could considerably 
increase selectivity since there wül be fewer nodes than fibres close to the probe substrate.
It is possible that the interaction between probe substrate and other structures within the nerve 
trunk which modulates the amplification / attenuation effects only occurs for small diameter 
nerves, like those modelled in the present work, or will be too small to be observed for large 
diameter nerve trunks. However, this should not be dismissed when considering larger diameter 
mammalian nerve trunks (cf. the locust nerve trunk). The mammalian nerve trunk contains 
many fasciculi of varying sizes. It may therefore be possible that these effects will be observed 
for recording sites positioned in some fascicles and not in others. Further investigation of these 
effects should shed more light on the occasions under which they become significant.
The presence of a large volume of insulated silicon in the cross section of the nerve trunk (eg, 
the multi-prong probe in chapter 1, and also discussed later in this chapter; or regeneration 
electrodes - chapter 2) will increase the overall resistivity of the nerve trunk at that point. This 
would cause a general amplification of the extracellular potentials recorded; the degree of this 
amplification being dependent on the proportion of the nerve trunk obstructed by the device. 
This could lead to a decrease in selectivity, since there would probably be greater radial 
spreading of the currents flowing around the device than would otherwise occur. If the channels 
through the device were particularly small, and highly resistive, then they could block 
propagation of action potentials through the device altogether.
All the work presented here, and all the past work on probes in peripheral nerves, has only 
considered acute recordings. This is because at present it is difficult to carry out any 
experiments with chronically implanted probes, although probe shanks have been implanted in 
rat nerves for biocompatibility tests (Rutten et. al., 1988). In chronic situations, the nervous
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tissue around the probe will be of a different structure and composition than in acute situations. 
It is reasonable to suppose that the tissue surrounding the probe shanks in chronic situations 
will be of a similar structure as that surrounding chronically implanted intrafascicular electrodes 
(Lefurge et. al., 1991), or regeneration electrodes (Edell e t  al., 1982; Edell, 1986). The 
biocompatibility study performed on probe shanks (Rutten et. al., 1988) did not appear to run 
long enough for the surrounding tissue to reach a stable state.
In the case of the intrafascicular electrode, the electrode was surrounded by a connective tissue 
capsule with A a fibres observed within 65|xm of the electrode (Lefurge et. al., 1991). In the
case of the regeneration electrodes, Edell (1986) reports a connective tissue capsule from lOj-im 
to as much as 60|Lim thick surrounding the device.
There are two aspects of this connective tissue capsule to be considered here, regardless of it s 
resistivity which is unknown at this time. These are the thickness of the connective tissue 
capsule as it separates the fibres from the recording sites, and the sealing of the connective 
tissue to the probe. If fibres are separated from the electrode sites by a large distance, this will 
lead to further attenuation of the signals compared to acute recordings where it is possible that 
fibres can be very close to the recording site. There may be other complications for fibres near 
the edge of the capsule. If the connective tissue does not form a highly electrically resistive seal 
to the probe shank, there could be problems with recording similar to those encountered in the 
acute recordings in this work where fluid pooling over the probe shank shorted electrode sites to 
each other and ground.
Despite the potential problems due to tissue reactions to the implant, the results presented by 
Edell (1986) for a regeneration electrode, and those presented by Loeb et. al (1977, 1980,
1985) and Prochazka et. al. (1976) for implanted metal wire electrodes, are positive indications 
that good selectivities can be achieved in semi-chronic and chronic experiments. However, it is 
possible that the metal wire microelectrodes move whilst implanted, causing small but 
continuous damage to the nervous tissue, so that work with these is more like the acute 
recording situation than the chronic. Again, simulation and experimental work needs to be
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performed to investigate the special aspects associated with the chronic situation. This needs to 
be supported by appropriate data on the electrical properties of the structures within the nerve.
9 .3  WORK FOR THE IMMEDIATE FUTURE.
The variation of amplification and attenuation effects with distance between the probe shank and 
fibre needs to be further investigated. More simulations need to be performed with the probe at 
varying distances from the fibre in order to determine how the structures of the nerve trunk 
interact with the probe substrate to modulate the amplification /  attenuation effects. It will also be 
necessary to model fluid pooling over the probe substrate (to simulate damage during insertion) 
and the tissue structures surrounding the probe in chronic implant situations. Multi shank 
probes (as suggested in chapter 1; Fig 1.2a) also need investigation to determine their effects on 
current flow. It would be more efficient to develop a three dimensional model in order to 
investigate these effects, since any further investigations with two dimensional models will need 
to be extended to three dimensions to improve their accuracy.
The two dimensional finite element model was only an approximation to the actual situation. 
One of the main problems was that current was restricted to flow in a two dimensional plane, 
and, owing to symmetry, the probe substiate appealed on both sides of the fibre. In reality the 
flow of cuirent would not be so restricted, and the probe subshate would only be on one side of 
the fibre. Therefore, the observed effects (amplification, attenuation) on the signal could well be 
less than the model predictions. The model needs to be extended to a three dimensional 
representation. Ideally the model would be at least as shown in Fig 9.1, which has a plane of 
symmetry thr ough the axis of the nerve trunk. With such a model it would be possible to 
simulate one or more fibres within the nerve U'unk. Fibres need not be positioned along tire axis 
of the model, although positioning will be restricted to tire plane of symmetry.
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Probe shank.
Fig 9.1
Salme.
Nerve trunk.
Nerve fibre.
4 4 4Plane of symmetry.
Wire frame outline of a three dimensional finite element model of a microprobe in a nerve trunk.
Lack of disk space was the principal problem encountered with the finite element modelling 
work reported here. Extending the model to three dimensions will require additional disk space 
and computational resources. Should these be available it is likely that the restriction on the size 
of the extraneural volume (saline) could be relaxed to enable a more realistic volume to be 
modelled. During experimental work, the nerves were often immersed in a few millimetres of 
saline. Extending the 3D model to at least one or two millimetres of saline, radially from the axis 
of the nerve trunk, should provide a realistic representation.
To be able to relate model results to the eventual application, a myelinated fibre model is 
required. Data for the frog (and toad) nerve is widely available (eg, Tasaki & Frank, 1955; 
Frankenhaeuser & Huxley, 1964; Altman & Diffner, 1973), and a frog preparation could be 
used to verify such a model with less difficulty (ethical and practical) than would be associated 
with a mammalian model. Simulation of the active myelinated fibre should pose relatively little 
difficulty since it can be based on the simulation of the unmyelinated fibre described in section 
6 . 1.
The finite element model needs to be extended to model at least some inhomogeneities in the
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nervous tissue. Modelling of damaged tissue around the probe and connective tissue 
encapsulation, for acute and chronic situations respectively, has already been mentioned. To 
these models it would be desirable to add at least the endoneurial tube around the fibre (for 
vertebrate fibres; Fig 2.5). The remainder of the intrafascicular volume could then be modelled 
as a bulk homogeneous volume conductor, as it is at present
The derivation of current sources to model the fibre in this work (chapter 6) assumed that the 
conductivity of the nerve trunk was approximately the same with and without the inclusion of 
the probe substrate (since the fibre was modelled from intracellular recordings taken from a fibre 
in situ in the nerve trunk - section 6.1). This was a reasonable approximation for this work 
since it was not possible to place the modelled probe very close to the fibre due to meshing 
constraints imposed by the lack of disc space. Additionally, the probe substrate was relatively 
smaU compared to the surrounding nervous tissue (16.67|im thickness in a 100|im radius trunk) 
and saline. When the probe is very close to the fibre, or if there is a relatively large volume of 
silicon within the nerve (as with multi shank probes or the regeneration electrodes of Kovacs et. 
al., 1992), the substrate may affect the resistivity of the nerve trunk, and hence the extracellular 
resistivity in the fibre model. In such cases, the propagation of the action potential may be 
affected, or even blocked completely in extreme situations.
From eqn. 6.35 (and Fig 6.5) it can be seen that a simple approximation to investigate such 
situations would be to increase the intracellular resistivity of the fibre model in segments that 
correspond with the position of the probe (or some other increase in the extracellular resistivity). 
A more realistic evaluation of how the propagating action potential would be affected would be 
obtained by integrating the fibre model with the finite element model. Such an investigation 
would require specialist software to be written, probably on a high performance computer, in 
order that the simulation could be performed in a reasonable time. The integration of a 
myelinated fibre model with the finite element model would be the most practical, since only 
nodes of Ranvier need to be considered in the fibre model rather than the many cylindrical 
segments of an unmyelinated fibre model.
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In order to support the modelling work it wiU be necessary to compile data on the resistivities of 
the different structures involved. A comprehensive literature seai'ch needs to be performed, and 
where data is lacking it needs to be measured. Accurate values will be difficult to obtain since 
measurements of many structures (such as the endoneurial tube itself, and the resistivity of the 
interior) will have to be made on the microscopic scale. Research will need to be carried out to 
determine appropriate methods by which these data may be obtained. Data will have to be 
obtained for all animal models that are to be modelled; presently locust, in the future probably 
frog and an appropriate mammalian model.
It is apparent that in order to verify the results presented in chapter 8, and to go on to investigate 
practically the aspects of probe design affecting selective recording, improvements in 
experimental technique and instrumentation are required. In order to reduce damage during 
recording, and to reduce mechanical disturbance, a better micromanipulation system needs to be 
obtained and the entire experimental set up (micromanipulator and microscope) need to be 
mounted more firmly together. The probes should be mounted on improved headstage amplifier 
boards; preferably using surface mount technology so that the probes can be mounted closer to 
the circuitry, hence reducing noise pick-up. The amplifier /  filter circuit should be redesigned to 
give a flatter pass band, sharper low frequency cut off, and more accurately adjustable gain. 
This would decrease noise, and enable the gain of each channel to be judged more accurately 
with regard to the signal amplitudes.
In order to improve the experimental work, it is also desirable to improve the probes, 
particularly with respect to the yield of the process and definition of the thin film insulation (to 
avoid under cutting and debris; Figs 5.5 and 5.6). The problems encountered with the probe 
fabrication for this work were related to the final removal of the dielectric films, which was 
done in an ion beam miller. Two modified processes have been discussed with Dr G Ensell 
(Southarnpton), and preliminary fabrication sequences for these are outlined in Appendix A7. In 
both of these processes, the dielectric films are defined over the probe substrate before the final 
etching in KOH. In one process, the exposed silicon area on the front is protected from the 
KOH etch by a thin film of PECVD nitride which is subsequently removed by wet etching. In
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the other process the the silicon is protected by a thick layer of PECVD oxide which is slowly 
etched away in the KOH etch.
Both the modified processes will suffer from a problem associated with wet etching PECVD 
nitride. When the present probes were fabricated, it was found that when wet etching the 
PECVD nitride to expose the recording sites and bonding pads there was a large difference in 
the rate at which the nitride etched depending on the position on the wafer. If this cannot be 
improved, it could lead to a problems with the new processes. In the process in which the front 
of the wafer is protected by a thin film of nitride, it will lead to additional variation of recording 
site size over the wafer, and could also lead to some probes having defects in the insulating 
films due to over etching while other probes still had nitride over their recording sites. In the 
process with the thick oxide protection, it could lead to the oxide protection being removed from 
some areas whilst electrode sites are still being etched (since HF is used to etch the nitride, and 
this etches oxide at a much faster rate). Hopefully, however, both processes can be tested. Both 
should improve over the present process.
With the improved equipment and probes, it should be possible to go on to validate the results 
presented in chapter 8. This could then be followed up with practical investigations into how the 
geometric size of the recording site affects selectivity, as well as attempting to improve 
selectivity by investigating differential recording techniques.
Whilst screened rooms were available for this work, and would have significantly reduced 
noise, they were not utilised. This was partly because of the logistic difficulties associated with 
carrying out the experiments in the shielded rooms, and also because it was desired to maintain 
a simple recording set up. The simple set up was important since simplicity is desired in the end 
application. Also, the need for a shielded room or chamber could deter people from the use of 
these devices in future experimentation due to the logistic problems.
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In summary, the following work is envisioned as immediate follow-up research to this project:
• Finite element modelling work to investigate how structures within the 
nerve combine with the probe substrate to modulate the amplification 
and attenuation effects.
• Development of a 3D finite element model, and investigation of 
amplification and attenuation effects in the more realistic 3D situation.
« Production of a myelinated fibre model, so that the amplification and
attenuation effects may be investigated for myelinated fibres as well as 
unmyelinated fibres.
• Introduction of inhomogeneities into the finite element model (acute / 
chronic recording aspects, and endoneurial sheath), to investigate the 
effects of these on signal transduction.
• Investigation of increased extracellular resistivity (due to probe 
substrates, etc) on propagation of action potential signals along the 
nerve fibre. Integration of fibre and finite element models so the effect 
of the probe substrates on signal propagation can be properly 
investigated.
• Obtaining data on the resistivities of structures within peripheral 
nerves, and data on fibres if necessary, to support the modelling work.
This should also enable models to confidently predict absolute signal 
values.
• Obtain and construct the necessary equipment required to provide 
repeatable, reliable results from experimental work. Fabricate 
improved probes.
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• Investigation into recording site size as it affects selectivity. 
Investigation of differential recording techniques to improve 
selectivity.
9 .4  PROPOSALS FOR AN ACTIVE NEURAL SIGNAL SENSOR 
SYSTEM.
It is desirable to keep the size of the probe substrate to a minimum in order to minimise tissue 
damage during insertion, and to prevent it from interfering with action potential propagation. 
With a multi shank device inserted into a peripheral nerve it becomes very desirable to maintain 
a minimal shank size. An argument could be made for a larger shank if this would improve the 
recording of neural signals. Although it is evident from the modelling work (chapter 7) that 
probe widths that are relatively small compared to the longitudinal extent of the action potential 
can have significant amplification / attenuation affects, even the smallest of the probes used in 
this work were still relatively large compared to the diameter of the nerve trunk. Further, in 
chronic implant situations the nearest approach of fibres to the probe substrate, based on current 
work with regeneration electrodes, would be about lOjim (section 9.2 and also 2.7). Given that 
at 12.5frm distant from the fibre, the smallest probe used in this work (70p,m wide) would not 
be expected to exhibit significant amplification / attenuation effects (Table 7.3, Fig 7.3) there is 
no reason to design shanks any larger than required to provide mechanical support to the 
recording sites during insertion. An analysis of the mechanical properties, and scaling 
considerations, of boron doped silicon probe shanks can be found in work by Najafi & Hetke 
(1990) and Najafi et. al. (1990) respectively. This work suggested that probes 30)Lim thick, 2 - 
3mm long and 50 - 100p,m wide, easily penetrated the dura mater of most animals (Najafi & 
Hetke, 1990). Guidelines were also given for designing probes based on mechanical 
considerations.
The multi shank probe illustrated in Fig 1.2a is a planar device machined as a single piece of 
silicon. This device would be inserted into the nerve trunk as shown in Fig 9.2a, with the
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recording sites facing along the axis of the nerve trunk on the side of the substrate distal to the 
central nervous system. An alternative device can be envisioned in which several single shanked 
probes are bonded together and inserted into the nerve trunk as shown in Fig 9.2b. In this 
second device, the recording sites would face radially in the same manner as the insertion of the 
probes used in the experimental work reported here. Given that probe shanks would be so 
narrow that amplification and attenuation effects would be negligible, the primary advantage of 
the device in Fig 9.2b over 9.2a would be that the recording sites would be closer to undamaged 
fibres (since the device fabricated on a single piece of silicon would sever the fibres directly in 
front of the recording sites when it was inserted). This could probably be rectified to a 
considerable degree, however, by placing the electrode sites near the edge of the shank in Fig 
9a, rather than on the centre line. The probe shanks would probably be thinner than wide (as 
with present probes), so the device of Fig 9.2b would damage fewer fibres. The other potential 
advantage of the probe of Fig 9.2b would be that paired recording sites, one near either edge of 
the substrate, could assist in determining the direction of the propagation of recorded signals; 
identifying them as either afferent or efferent. Given the considerable complexity involved in 
fabricating the probe of Fig 9.2b (several bonded together), simulations need to show that it will 
be a considerable improvement over the simpler device before time and effort are invested in its 
development. It seems likely that the simpler device would be the first to be be used in the 
implementation of any future system.
Nerve trunk.
sOa O.s O.sO.sOaO
(a) (b)
Fig 9.2 (a) A single piece multi shank probe inserted into a nervetrunk, (b) Several single shank probes bonded together and inserted into a nerve trunk.
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When the probe has been implanted it is desirable to minimise motion of the device in order to 
maintain stable signals and to prevent any additional damage to the nerve. The carrier area 
therefore needs to be reduced to a minimum so that it does not interact mechanically with the 
surrounding tissues. At present the roles of the carrier area are to hold the shanks in position 
relative to one another, as a substrate upon which signal processing circuitry is situated 
(Takahashi & Matsuo, 1984; Najafi & Wise, 1986; Ji, 1990), and to hold the bonding pads for 
wire connection. It is desirable therefore to minimise the number of bonding pads required, and 
also to fabricate as much of the circuitry as possible directly beneath the recording sites 
themselves on the probe shank; bearing in mind that a minimal shank size is also desired. 
Situating the circuitry on the probe shank will have the additional advantage that signal 
amplification will be as close as possible to the recording site, which wUl minimise interference 
from external noise sources.
Whilst the practical issues of implanting the devices have not been addressed in this work, due 
to lack of expertise in these areas, it should be noted that the use of a nerve cuff to aid in 
implantation and device stability is undesirable as this will reduce the selectivity of the device 
(Rutten et. al., 1993). It is speculated that the device will be inserted and then secured by a 
suture. The possibility of shaping the shanks to hold them more securely in the tissue (eg, with 
barbs) should also be the subject of future investigation.
The level of a particular stimulus (for simple receptors) can be represented either by the rate of 
firing of a particular sensory neuron, or by the number of sensory neurons in a colony that are 
firing (Neurophysiology lectures, 4/2/91, Dr Santana DeSa). With a highly selective device with 
many recording sites, such as the multi shank probe, it would be possible to classify the level of 
sensory activity by either the level of activity recorded on a particular channel (firing rate), or the 
number of channels upon which activity appears (colony). Where the activity of several fibres 
originating from a particular colony is recorded on a single channel, this will also register as 
increasing firing rate with increasing stimulus level. The location of the stimulus will be 
identifiable by the spatial distribution of the activity within the nerve trunk; ie, activity will be 
recorded on different channels when different parts of the body are stimulated. There has also
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been some evidence of grouping of fibres by sensory modality within cat peripheral nerve 
fascicles (Roberts & Elardo, 1986), and human sensory nerve fascicles (Hallin e t  al,, 1991). 
Such grouping could help improve stability, since when one unit drifts out of the record from a 
particular channel it is possible that a nearby unit conveying similar information would drift in. 
Grouping would also provide additional information in that records from adjacent recording 
sites would be related to some degree (as defined by the nature and extent of the grouping).
Following from this, the device (microprobes) used in the final application need not relay all the 
details of every individual extracellular spike to the FES controller, but may instead simply relay 
a measure of activity at each recording site. This could be achieved by a simple variation of a 
diode-resistor-capacitor circuit commonly used to provide a measure of activity in extracellular 
recordings (Buchwald et. al., 1973). A version of the circuitry that relays details of every spike 
will, however, be required in order to determine the selectivity and stability of the implanted 
device, and could also have further applications in neurophysiology.
The initial proposal for a totally implanted feedback system for FES is outlined in Fig 9.3. The 
user manually demands a functional output from the FES system (eg, a step forwards), and the 
FES system applies the appropriate stimulation pattern to initiate the activity. The level of 
sensory neural activity at each recording site of the implanted probes is determined and fed into 
a suitable signal processing system. In this example all the recording sites are connected in one 
long analogue shift register, with a suitable strobe synchionisation pulse.
The raw data from the probes are passed to a signal processing unit. This compresses the data, 
extracting relevant information which it presents at a number of outputs. These outputs need not 
have a specific meaning, such as joint angle or muscle length, however this information will be 
encoded within the outputs themselves (although for the purposes of the model / controller 
considered here, they need never be explicitly extracted). The signal processor presents data to a 
statistical model, in the most efficient form for the model.
The statistical model is trained for the individual patient when implanted. It is designed to
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predict the outputs of the signal processing circuitry when a particular stimulation pattern 
(identified by the stimulation signature) is applied. The model will use statistical methods to 
identify trends in the output of the signal processing circuitry, and how this differs from the 
expected value. It will then adjust the stimulator, or adapt itself, to keep the actual and predicted 
values the same.
Probe Signal Processing.
Stimulation
signature.
Model.
FES Controller.
1
Supervisor, Control, Rule 
Based Safety.
Functional demand 
signal.
Stimulation.
Fig 9.3 Outline proposal for a totally implanted feedback system for FES.
A supervisor control unit will be in overall charge of the system. This wiU manage training and 
maintenance of the model, and will also include a rule-based safety mechanism.
The FES controller supplies a stimulation signature to the model. This allows the model to
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identify the function demanded, and progress through the programmed stimulation sequence. 
The model continually compares the output of the signal processing circuitry to what it expects 
the output to be (based on the stimulation signature and previous experience). If the actual and 
expected signals agree (within statistically expected variation), then no action is taken and the 
stimulation sequence proceeds normally. If there is a major discrepancy, then something has 
gone wrong (eg, motion has been prevented by some external interruption).
Over time, the output of the signal processor will be expected to drift away from the model’s 
predictions. Over long periods of time, of the order of a few hours, drift will probably be due to 
changes in electrode position, drifting of units in and out of channels of the microprobe, etc. 
The model can be adapted (ie, learn by experience) to compensate for this drift, and 
identification of this drift will be made easier if parameters such as the stability of the 
microprobe recordings are known in advance. Over medium periods of time, minutes to hours, 
drift between the model and the filter output wül be due to factors such as muscle fatigue (Baker 
et. al., 1993). In this case, the model will influence the output of the stimulator to compensate 
for the discrepancy. If necessary, this compensation may be taken into account when making 
further predictions. Over very short periods of time, milliseconds to seconds, any major 
discrepancy would indicate that there is something significantly wrong. Minor discrepancies 
over short time periods can be analysed statistically, and can be corrected for by minor changes 
in the stimulation pattern to ensure the limb foUows the desired trajectory.
Such a system would depend very much on the ability to discriminate electrode drift from 
muscle fatigue, and hence the stability of the signal transduction device needs to be properly 
determined. Work with metal wire microelectrodes implanted in the dorsal roots and dorsal root 
ganglia (eg, Loeb et. al., 1980; Prochazka e t al., 1976) indicates that single units will remain in 
the record of one electrode of the order of typically 3 to 4 days (Loeb et. al., 1980). Since the 
microprobes are expected to be more firmly anchored in the nerve, and have less mechanical 
interaction with other tissues than the metal wire microelectrodes, indications are that the 
stability of the recordings wiU be adequate for this application.
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The statistical model would probably have to be built individually for each patient over a 
considerable period of time, however when completed it would be maintained by a short 
retraining (exercise) period every morning. In more advanced models it is envisaged that the 
functional demand could be intercepted from descending fibre tracts of the spinal cord superior 
to the damage causing paralysis, or even from the motor cortex. Further, sensory data could 
also be relayed via ascending tracts of the spinal cord, or the somatosensory cortex, in order that 
the patient is supplied with conscious sensation of the motion.
The system proposed does not require the identification and tracking of individual units as Loeb 
et. al. (1980) suggested would be necessary for systems based on metal wire microelectrodes. 
Since probes enable a much larger number of recording sites to be used, it is considered 
possible to design a system in which, at any one time, the same information is delivered on 
more than one channel. With a few metal wire microelectrodes it would not be possible to 
sample enough of the neural population to utilise the statistical methods proposed. Consequently 
tracking of individual units is necessary for the metal wire microelectrode system, so that the 
information required can be extracted directly from the records.
The proposed system has some analogies with that under investigation by Hoffer and colleagues 
(Hoffer & Sinkjaer, 1986; Hoffer et. al., 1989 - in section 2.5.5); where the output from a 
nerve cuff situated around a sensory peripheral nerve is passed through a filter, to give a 
measure of force applied to the innervated area. Signals from nerve cuffs can remain stable for 
very long periods of time (indefinitely - Davis et. al., 1978; Hoffer & Sinkjaer, 1986), however 
they must be implanted in the periphery, distal from the spinal cord, around primarily sensory 
nerves in order to avoid complicating the desired signal with motor signals or unwanted sensory 
signals. Since nerve cuffs are not selective, but gross indicators of activity (Loeb et. al., 1980), 
they cannot easily be used where it is necessary to distinguish similar signals from adjacent 
fibres. The microprobe solution exchanges many devices implanted in the periphery, and the 
associated interconnection problems, with few devices implanted near the spinal cord. The 
problems associated with the cuff solution have been swapped for less stability in the recorded 
signals, and more complex interaction with the nervous tissue in the probe solution; in addition
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to the more complex technology required to fabricate probes.
Pickard (1991) notes that relatively few of the sites on a microprobe record neural signals. It is 
therefore necessary for this work to aim early experimental and modelling work at designing 
probes with highly selective recording properties, but with as many channels as possible 
recording neural activity. Once recordings can be routinely made, it will be possible to go on to 
study implantation techniques and the stability of probe recordings.
9 .5  ACTIVE PROBES.
It is apparent from the previous discussion that it will be necessary to develop probes with 
active microelectronic circuitry integrated onto the substrate specially for this application. 
Presently, active probes sample the activity at each recording site frequently enough to enable 
the recorded extracellular spikes to be fuUy reproduced on the display equipment (Takahashi & 
Matsuo, 1984; Najafi & Wise, 1986; Ji, 1990). Such circuitry wül be required for active probes 
for the present work to facilitate the investigation into stabüity, where individual units will need 
to be monitored. Application specific circuitry wül also be required; ie, to measure the level of 
activity appearing at a particular site, etc. Since most of the work associated with active probes 
is technology development, which does not depend significantly on the results of the work 
outlined in section 9.3, the active probes can be developed in tandem with the follow up work 
outlined in section 9.3.
The requirement for minimum silicon area has already been mentioned. In addition to this the 
circuitry must have a very low power dissipation, especially if it is to be integrated onto the 
probe shank and inserted into the nerve trunk. The circuitry also needs to be reliable, and able to 
operate in the hostile environment of the body for extended periods of time.
In order to achieve the low noise requirements of this work within the restrictions already 
mentioned, it will be necessary to custom design circuits. Two basic sets of circuitry will need 
to be designed and tested in a saline environment. The first foUows the pattern of existing active
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probes (Takahashi & Matsuo, 1984; Najafi & Wise, 1986; Ji, 1990), and will consist of 
amplifiers with filtering elements, multiplexers, self test capability, and a suitable bus interface. 
If possible, the bus interface should be patterned after a suitable standard to facilitate integration 
of active probes with existing instrumentation. Several designs for each circuit module should 
be developed to facilitate the application of active probes to other areas.
The second set of designs will be more closely linked with the fabrication procedure for active 
probes. This set of circuit modules will include a variety of shift register designs, along with 
transmission gates, designed to be fabricated on the probe shanks. Bus interfaces that minimise 
the number of interconnection wires and take up minimal silicon area will be required, as will 
self test circuitry. The use of dynamic circuitry such as that described by Najafi (1986) is 
attractive since it can be designed to be relatively low power and occupy a relatively low silicon 
area. Dynamic circuitry is not free of difficulties; Najafi experienced timing problems with the 
dynamic circuitry (Ji, 1990). In addition to timing problems, when circuitry that relies on charge 
storage is operated in a saline environment, there is always the chance that the charge will bleed 
away across the insulating films. Clearly, there is no guarantee that the smallest, quietest, lowest 
power circuit will operate reliably. It will be necessary to investigate a number of logic types and 
device encapsulation combinations to determine which will operate best in the biological 
environment.
The measurement of neural activity level at each recording site could be implemented by 
integrating the recording site directly on top of a diode junction which is also the gate of a 
MOSFET transistor. The gate to channel capacitance of the MOSFET would provide the 
capacitance required in the diode-resistor-capacitor circuit, and also act as a buffer amplifier for 
the signal. Potentially the metal of the electrode site could form one half of a Schottky like diode 
junction. Again, several designs need to be investigated to determine one or more that will work 
suitably.
The high levels of boron doping required by the present probe fabrication process means that 
active circuitry cannot be integrated onto the probe substrate, as required for the implant
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applications. The carrier area can be left free of the high boron doping levels by careful design 
(Najafi, 1986), or in the case of the probes described in chapter 5 where the carrier area is left 
thick, boron doping is only required for the shank and the struts that hold the finished probes 
into the silicon frame. Any fabrication process that requires the shank be defined by a heavy 
boron diffusion precludes the option of placing any active circuitry on the shank itself.
Dr Graham Ensell (University of Southampton) suggested that bonded silicon-on-insulator 
wafers could be used. These consist of a thin (of the order of 6|im thick) wafer bonded to a 
second standard thickness wafer with an oxide layer (of the order of l|j,m) separating the two. 
The first stage of the process would be to etch cavities through the thick wafer from the back in 
KOH; the oxide providing the etch stop (Fig 9.4a). Circuitry, recording sites, etc, would then 
be fabricated on the surface of the wafer (Fig 9b). The probe shapes would then be defined by 
etching through the 6fxm of silicon from the front (RIE, or any other suitable etching method), 
and the oxide layer would be stripped from the back by a short etch in BHF (Fig 9.4c). This 
process still relies on a reactive ion etcher being available for the work which would have a gold 
metallisation layer, and on the 6|Lim wafer etching through without any problems. Stress in the 
6|im wafer, for instance, could cause the probes to bend and break before the final etching was 
complete. These bonded SOI wafers are presently undergoing trials at Southampton to check 
compatibility with their CMOS fabrication line.
(a)
Fig 9.4
(b) (c)
Machining probes from bonded SOI wafers (in cross section), (a) Cavities etched through from the back in KOH. (b) Circuitry fabricated on the front of the wafer, (d) Probes defined by etching through from the front, and stripping the oxide layer.
The active probe development work may be summarised as follows:
• Design, fabrication, and testing of standard circuitry (a set of designs)
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for active probes. To include: preamplifiers (and filtering), 
multiplexer, self test circuitry, and a semi standard bus interface if 
possible.
• Design, fabrication, and testing of application specific circuitry (a set 
of designs) for active probes. To include: minimum area / power shift 
registers / multiplexers to be situated on the probe shank, minimum 
area / power self test and bus interfacing circuitry.
• Develop, fabricate, and test minimum area circuitry that will supply an 
indication of the level of neural activity recorded at a particular site.
Whilst the final application considered for this work has been peripheral nerve recording, some 
characteristics of the proposed active probes may, in some circumstances, give them advantages 
over current microprobes for recording from the brain. A situation in which this may be the case 
is outlined in Appendix A8.
9.6  OTHER ASPECTS OF THE IMPLANTED SYSTEM 
REQUIRING INVESTIGATION.
The work outlined in the previous sections of this chapter has concentrated on the development 
of recording techniques, improved models, and supporting microelectronics and 
microfabrication technology for the final application of these probes. These are important since 
it is necessary to gain experience with the probes so that useful signals can be recorded and 
interpreted, and it is necessary to establish a deeper more accurate understanding of the signal 
transduction process than presently exists. The supporting microfabrication technology is vital 
since without its development the research will be left floundering whilst waiting for the 
required devices to be developed. A broad base of micromachining technology is ideally 
required, since this leaves the research fi^ ee to concentrate on the biological problems rather than 
having to compromise biological and microfabrication solutions. Therefore, the outline for the
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active probe development (section 9.5) was stated in broad terms.
There are many other aspects that need to be addressed in the development of an implantable 
sensor system based on microprobes. These are related to questions of biocompatibility, 
interconnection and data transfer, and implantation. They are mentioned briefly here along with 
some pertinent comments as they arise.
The biocompatibility of the micromachined devices is very important when considering long 
term implantation. Initial studies have shown that micromachined silicon devices can be 
acceptable for implantation into peripheral nerves (over a year - Edell et. al., 1982; Edell, 1986) 
and the brain (6 months - Edell et. al., 1992). It is desirable that healthy nerve fibres grow as 
close to the implanted device as possible, and that the surrounding tissue seals tightly to the 
probe shank without any fluid pooling. Different deposition techniques produce films of 
material with different properties, and it could well be that a material deposited by one technique 
is more preferable biologically than the same material deposited on the probe by a different 
technique. Organic materials should also be investigated for bioacceptance as probe 
encapsulants (eg, polyimide and parylene - Drake, 1987). The possibilities of depositing 
biological materials, such as collagen, on the surface of the probes should also be investigated. 
Movement of the implant relative to the nerve trunk must be kept minimal, or ideally eliminated, 
so that it does not cause any further damage to the tissue during the lifetime of the implant.
The probe, and circuitry on active probes, needs to be extremely well protected from the harsh 
biological environment in which it is implanted. The plain PECVD nitride insulation used on the 
probes in this work for acute recordings would not be suitable for chronic applications since 
under an applied electric field in saline, nitride slowly anodises into amorphous oxide, with very 
poor (useless) insulating and mechanical properties (Edell, 1986). Sodium ions from the 
surrounding biological environment migrate into oxide layers over time, destroying their 
dielectric properties. Therefore multiple oxide-nitride layers have been proposed and 
implemented as probe encapsulants (eg, Najafi et. al., 1985; Najafi & Wise, 1986; Edell,
1986). Multiple layers involving a variety of other materials (metal, polyimide, etc) have also
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been suggested (Najafi, 1986).
All the components of the system will need to be interconnected, probably by wire connections. 
The problems with interconnection have been eased somewhat by locating the probes close to 
the spinal cord where they are relatively mechanically isolated (cf. a location in a limb / at a 
joint). Wire fatigue, insulation, and fatigue and insulation where the wire is bonded to the 
probe, will be major problems over the lifetime of an implant (at least 10 years). Thin film 
insulated conductors supported on thin flexible silicon ribbons have been proposed to overcome 
this (Hetke et. al., 1991). An interim alternative, for experimental short term implants, would be 
to use glass insulated 25(Jim (or 50 |im ) diameter gold wires, ultrasonically bonded to the carrier 
area of the probe with the joints insulated by medical grade epoxy. However there does not yet 
appear to be an elegant solution to this problem.
Telemetry and powering of the system can be considered together. Telemetry will be required to 
obtain output from fully implanted experimental systems, as well as to control training and 
operation in the final application. Early experimental implants could have telemetry and power 
supplied via percutaneous couplers, however the possibility of infection, and potential for 
discoiTifort caused by these makes their use undesirable. Since telemetry and powering systems 
will have to be developed it is desirable that they should be developed and available at the same 
time as implant experiments are to begin. Cods implanted subcutaneously can be used to both 
power the system and communicate it via radio frequency coupling to an external user interface 
unit (eg. Smith et. al., 1987; Akin et. al., 1990; Sawan et. al., 1992; Troyk & Schwan, 1992). 
Implanted batteries are an undesirable option, since they aie likely to be bulky (having to power 
both the sensors and the stimulation system). Powering the devices from the body would 
probably be undesirable, since the mechanism powering them (eg, a biological battery) would 
have to interact with the body in order to supply the necessary power. Such interaction could 
cause considerable biocompatibility problems. The problem of powering will be even more 
pertinent for the electrical stimulation side of the system, since relatively large currents must be 
delivered in order to stimulate activity. A system with an external power supply inductively 
coupled to an implant, and with a wire interconnection system, would seem most plausible at
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present.
One final area that must be addressed is the practical issue of actually implanting the devices. 
This will require the input of a surgeon with appropriate experience. Should the dorsal roots 
prove to be too difficult a site for implants, the system will have to be modified for use in the 
spinal nerves. Such modification would extend to the mechanism for decoding the sensory 
signals, and probably the addition of a mechanism to eliminate as much stimulation artifact and 
motor activity as possible. Ideally the microfabrication technology should be available to enable 
the devices to be designed in a form most suited to the surgical techniques that will be 
employed.
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APPENDIX A l.
PLOTS FOR FIGURES 4.8 AND 4.9.
This appendix contains copies of the original plots that were presented as figures 4.8 and 4.9.
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APPENDIX A2.
PASSIVE MICROPROBE FABRICATION SEQUENCE.
The sequence described here is based on the lab process sheet “Surrey University Biosensor”, 
G Ensell 7th September 1992, with information filled in from “Fabrication procedure for 
microprobes v4.1. (Final Version)”, D Banks 27 March 1992.
1. Initialling wafers (4” diameter, 380q thick, <100>, p-type {boron}, 10-30 O.cm, double 
sided polished.
2. Clean.
3. Photolithography (front) front alignment marks.
4. Hard bake. . »
5. Dry etch Silicon (Si).
6. Strip resist.
7. Photolithography (back) back alignment marks.
8. Hard bake.
9. Dry etch Si,
10. Strip resist.
11. RCA Clean.
12. Deposit Ija LPCVD oxide.
13. RCA Clean.
14. Densify oxide ( 1000°C for 30 mins in wet O2 ) •
15. Photolithography (front) boron diffusion.
16. Hard bake.
17. Wet etch 1 \x densified LPCVD oxide.
18. Strip resist.
19. RCA Clean.
20. Boron diffusion at 1175°C for as long as possible.
21. Plasma etch boron glassy layer.
— — —  _   ^  ^ —
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22. Strip oxide.
23. Deposit 1.5)1 LPCVD oxide (front).
24. Deposit 0.5|li LPCVD oxide (back).
25. RCA Clean.
26. Densify oxide.
27. Deposit 1600Â LPCVD nitride both sides.
28. Deposit LPCVD oxide (front), for gold lift-off.
29. Photolithography (back) windows.
30. Hard bake.
31. Dry etch 1600Â LPCVD nitride (back).
32. Strip resist.
33. RCA clean.
34. Photolithography (front) metallisation.
35. Hard bake.
36. Etch undensiRed LPCVD oxide to undercut resist for lift-off process.
3 7. Deposit 40nm Cr (front).
3 8. Deposit 250nm Au (front).
39. Lift off resist in acetone.
40. Wet etch 5000Â oxide.
41. Deposit 5000Â PECVD nitride (front).
42. Spin resist on back and bake to protect durmg following etch step.
43. Photolithography (front), via holes.
44. Hard bake.
45. Wet etch 5000Â PECVD nitride in 7:1 BHF.
46. Strip resist.
47. Dip etch (BHF).
48. Etch 380)1 Si (30% by weight KOH solution, 70°C, in dark, -8 hours).
49. Wet etch 1.5)1 LPCVD oxide (from back).
50. Dry etch nitride and oxide from back (ion beam miller).
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APPENDIX A3.
PROGRAMME TO SIMULATE A PROPAGATING ACTION
POTENTIAL.
Parameters are for Squid axon.
/*
****
*
*
**
***
***
* /
P r o g r a m :  C o o l e y _ l . c
V e r s i o n :  1 . 1
D a t e :  2 1  J u l y  1 9 9 1
A u t h o r :  D . B a n k s
U n i v e r s i t y  o f  S u r r e y ,
D e p a r t m e n t  o f  E l e c t r o n i c  & E l e c t r i c a l  E n g i n e e r i n g  
L a n g u a g e :  C
P u r p o s e  o f  p r o g r a m :
T h i s  p r o g r a m  i s  d e s i g n e d  t o  s i m u l a t e  a  p r o p a g a t i n g  
n e r v e  a c t i o n  p o t e n t i a l  i n  a n  u n m y e l i n a t e d  a x o n  
b a t h e d  i n  a  l a r g e  q u a n t i t y  o f  e x t r a c e l l u l a r  f l u i d .  
I t  i s  b a s e d  on t h e  p a p e r :  C o o l e y  JW & Dodge J r  FA, 
" D i g i t a l  c o m p u t e r  s o l u t i o n s  f o r  e x c i t a t i o n  a n d  
p r o p a g a t i o n  o f  t h e  n e r v e  i m p u l s e " ,  B i o p h y s i c a l  
J o u r n a l ,  ( 6 ) ,  1 9 6 6 .  p 5 8 3 - 5 9 9 .
N o t e s  : Comment o u t  o u t p u t  f o r m a t  t h a t  i s  n o t  r e q u i r e d
C o p y r i g h t  ( c )  D .B a n k s  1 9 9 1 .
M o d i f i e d  t o  o u t p u t  membrane  c u r r e n t .M o d i f i c a t i o n s  
V e r s i o n :  1 . 1
D a t e  :
A u t h o r  :
N a t u r e  :
N o t e s  :
28 J u l y  1 991  
D . B a n k s .
I m m e d i a t e  ( s p e c i f i c ) .
V o l t a g e  o / p  commented  o u t .
V e r s i o n  #  commented  i n  p r o c e d u r e .
# i n c l u d e  < s t d i o . h >
# i n c l u d e  < m a t h . h >
/ *  S t a n d a r d  c o n s t a n t s .  * /  
# d e f i n e  TRUE 1 
# d e f i n e  FALSE 0
# d e f i n e  P I  ( d o u b l e ) 3 . 1 4 1 5 9 2 6 5 4
/ *  P e a k  c o n d u c t a n c e s  * /
# d e f i n e  gK_ ( d o u b l e ) 3 6  
# d e f i n e  gNa_  ( d o u b l e ) 1 2 0  
# d e f i n e  gL_  ( d o u b l e ) 0 . 3  
/ *  E q u i l i b r i u m  p o t e n t i a l s  * /  
# d e f i n e  VNa ( d o u b l e ) 1 1 5
/ *  mmho /  c m . s q  * /
/ *  mV * /
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^ d e f i n e  VK ( d o u b l e ) - 1 2  
# d e f i n e  VL C d o u b l e ) 1 0 . 5 993
# d e f i n e  TEMP ( d o u b l e ) 1 8 . 5 / *  T e m p e r a t u r e :  d eg  C * /
# d e f t n e  C ( d o u b l e ) !  / *  Membrane c a p a c i t a n c e :  uF /  c m . s q  * /
# d e f i n e  a  ( d o u b l e ) 0 . 0 2 3 8  / *  Axon r a d i u s :  cm * /
# d e f i n e  R ( d o u b l e ) 0 . 0 3 5 4  / *  R e s t i v i t y  o f  a x o p l a s m :  k ohm . cm * /
# d e f i n e  dx ( d o u b l e ) 0 . 0 5  / *  D i s t a n c e  s t e p  f o r  i n t e g r a t i o n :  cm * /  
# d e f i n e  d t  ( d o u b l e ) 0 . 0 1  / *  T ime s t e p  f o r  i n t e g r a t i o n :  ms * /
# d e f i n e  CONV„CRIT ( d o u b l e ) l E - 4  / *  C o n v e r g e n c e  c r i t e r i o n :  mV * /  
# d e f i n e  J 140  / *  L e n g t h  o f  a x o n  s i m u l a t e d  = ( 2 * ) J * d x  cm * /
# d e f i n e  T_MAX ( d o u b l e ) 3 . 5  / *  Time p e r i o d  o f  s i m u l a t i o n :  ms * /
# d e f i n e  I S  ( d o u b l e ) 1 0  
# d e f i n e  T IS  ( d o u b l e ) 0 . 2
/ *  S t i m u l a t i n g  c u r r e n t :  uA * /
/ *  Time f o r  w h i c h  I S  i s  a p p l i e d :  ms * /
/ *  I n i t i a l  v a l u e s  f o r  n ,  m a n d  h * /
# d e f i n e  n0  ( d o u b l e ) 0 . 3 17 6 8  
# d e f i n e  m0 ( d o u b l e ) 0 . 0 5 2 9 3  
# d e f i n e  h0 ( d o u b l e ) 0 . 5 96 1 2
/ *  G l o b a l  V a r i a b l e s .  * /
d o u b l e  THI;  / *  T e m p e r a t u r e  c o e f f i c i e n t  * /
s t a t i c  d o u b l e  V [ J + 1 ] [ 2 ] ,  n [ J + l ] [ 2 ] ,  m [ J + l ] [ 2 ] ,  h [ J + l ] [ 2 ] ;
s t a t i c  d o u b l e  d n [ J + l ] [ 2 ] ,  d m [ J + l ] [ 2 ] ,  d h [ J + l ] [ 2 ] ;
s t a t i c  d o u b l e  t  = 0 . 0 ;  / *  T ime * /
m a in  ( )  
{
i n t  c t r ;
/ *  B e g i n  i n i t i a l i s a t i o n  * /  
t =  0 . 0 ;
T H I = p o w ( ( d o u b l e ) 3 , ( T E M P - ( d o u b l e ) 6 . 3 ) / 1 0 ) ;
f o r  ( c t r = 0 ;  c t r < = J ;  c t r + + )
{
V [ c t r ] [ 0 ] = 0 . 0 ;  
n [ c t r ] [ 0 ] = n 0 ;  
m [ c t r ] [ 0 ] = m 0 ;  
h [ c t r ] [ 0 ] = h 0 ;  
d n [ c t r ] [ 0 ] = 0 . 0 :  
d m [ c t r ] [ 0 ] = 0 . 0  
d h [ c t r ] [ 0 ] = 0 . 0}
/ *  End i n i t i a l i s a t i o n  * /
w h i l e  ( t<=T„MAX)
{
n e x t _ s t e p ( ) ;
/ *  F o r  a l l  t  (=0 . .T_MAX)  V
/ *  A d va nc e  a l l  v a r i a b l e s  o n e  s t e p ,  d t  * /
/ *  P r e p a r e  f o r  n e x t  s t e p  * /  
f o r  ( c t r = 0 ;  c t r < = J ;  c t r + + )
{
V [ c t r ] [ 0 ] = V [ c t r ] [ 1 ] ;  
n [ c t r ] [ 0 ] = n [ c t r ] [ 1 ] ;
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m [ c t r ] [ 0 ] = m [ c t r ] [ 1 ] ;  
h [ c t r ] [ 0 ] = h [ c t r ] [ 1 ] ;  
d n C c t r ] [ 0 ] = d n [ c t r ] [ 1 ] ;  
d m [ c t r ] [ 0 ] = d m [ c t r ] [ 1 ] ;  
d h [ c t r ] [ 0 ] = d h [ c t r ] [ l ] ;}
t + = d t ;  / *  I n c r e m e n t  t  * /
/ *  P r i n t  o u t  r e s u l t s  o f  s t e p  i f  r e q u i r e d  * /
/ *  Comment o u t  f o r m a t  t h a t  i s  n o t  w a n t e d  * /
/ *  V v s  t ,  a t  x=? V  
/ *  p r i n t f ( " % f \ t % f \ t % f \ t % f \ t % f \ n " ,  t ,  V [ 0 ] [ 0 ] ,  V [ 2 0 ] [ 0 ] ,  V [ 4 0 ] [ 0 ] ,
V [ 6 0 ] [ 0 ] ) ; * /
/ *  V v s  X,  a t  t = ?  * /
/ *  i f  C ( ( f l o a t ) t = = ( f l o a t ) l )  I I ( C f l o a t ) t = = ( f l o a t ) 2 )  I I
C ( f l o a t ) t = = ( f l o a t ) 3 ) )
{
p r i n t f C ’VnTime:  %f \ n \ n " ,  t ) ;  
f o r  ( c t r = 0 ;  c t r < = J ;  c t r + + )
p r i n t f ( " % f \ n " ,  V [ c t r ] [ 0 ] ) ;
} * /
/ *  P r o c e d u r e  na m e:  n e x t _ s t e p C )
* C a l l e d  by :  m a i n
* C a l l s :  n o n e
* P a r a m e t e r s :  n o n e
* R e t u r n s :  n o n e
* G l o b a l s  u s e d :  TH I ,  V [ ] [ ] ,  n [ ] [ ] ,  m [ ] [ ] ,  h [ ] [ ] ,
d n [ ] [ ] ,  d m [ ] [ ] ,  d h [ ] [ ]
* P r o c e d u r e  p u r p o s e :
F o r  a l l  X,  a d v a n c e s  V,  n ,  m, h a n d  d i f f e r e n t i a l s  o f  
n ,  m & h ( w r t  t i m e )  a n e  s t e p ,  d t .
* /
n e x t _ s t e p C )
Mov 1 . 1  p r i n t s  o u t  Im v s  x  @ t = =  2ms
{
d o u b l e  g K [ J + l ] [ 2 ] ,  g N a [ J + l ] [ 2 ] ,  / *  C o n d u c t a n c e s  * /
g [ j + l ] [ 2 ] ,  U C J + 1 ] [ 2 ] ,
d V [ J + l ] [ l ] ,  / *  d V / d t  * /
V 1 [ J + 1 ] [ 2 ] ,  / *  E s t i m a t e  o f  V * /
a n [ J + l ] [ 2 ] ,  b n [ j + l ] [ 2 ] ,  a m [ J + l ] [ 2 ] ,  b m [ J + l ] [ 2 ] ,
a h [ J + l ] [ 2 ] ,  b h [ J + l ] [ 2 ] ,  / *  R a t e  c o n s t a n t s  * /
A [ J + 1 ] [ 2 ] ,  B [ J + 1 ] [ 2 ] ,
G p + l ] ,  X P + 1 ] ;
d o u b l e  Vjm,  V j p ,
g L ,  / *  L e a k a g e  c o n d u c t a n c e  * /  ^
I S j ,  / *  S t i m u l a t i n g  c u r r e n t  * /
I m ;  / *  Mod 1 . 1 ,  me mbrane  c u r r e n t  * /
—
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i n t  j ,
c o n v _ c r i t _ m e t ;
d o u b l e  dumm, dump;
c o n v _ c r i t _ m e t = F A L S E ; / *  I n i t i a l i s e  * /
f o r  C i = 0 ;  j < = J ;  j + + )  / *  For  a l l  x ;  ( j = 0 . . J )  * /
{
/ *  C l a c u l a t e  c o n d u c t a n c e s  f o r  l a s t  s t e p  * /  
g K [ j ] [ 0 ] = g K _ * p o w ( n [ j ] [ 0 ] ,  ( d o u b l e ) 4 ) ;
9 N a [ ] ] [ 0 ] = g N a _ * p o w ( m [ j ] [ 0 ] , ( d o u b l e ) 3 ) * h [ j ] [ 0 ] ;
g L = g L _ ;
g [ j ]  [ 0 ] = g K [ j ] [ 0 ] + g N a [ j ] [ 0 ] + g L ;
U [ j ] [ 0 ] = ( g K [ j ] [ 0 ] * V K + g N a [ j ] [ 0 ] * V N a + g L * V L ) / g [ j ] [ 0 ] ;
/ *  For  l a s t  s t e p . . .  * /  
i f  ( j = = 0 )  / *  F i n d  V [ j - 1 ] ,  a t  V [ j ]  V
V j m = V [ l ] [ 0 ] ;  / *  S y m m e t r y . .  V [ - 1 ] = V [ 1 ]  V
e l s e
V j m = V [ j - l ] [ 0 ] ;
i f  C j = = J )  / *  F i n d  a t  V [ j ]  * /
V j p = 0 . 0 ;  / ♦  V p + 1 ]  = 0  * /
e l s e
V j p = V [ j + l ] [ 0 ] ;
/ *  A pp l y  s t i m u l a t i n g  c u r r e n t  a t  s e g m e n t  x=0  ( ? )  * /  
i f  ( ( j = = 0 )  && ( t < T I S ) )
I S j = I S ;
e l s e
I S j = 0 . 0 ;
/ *  C a l c u l a t e  d V / d t  f o r  l a s t  s t e p  * /  
d V [ j ] [ 0 ] = ( ( d o u b l e ) l / C ) * ( ( a / ( ( d o u b l e ) 2 * R * p o w ( d x ,  ( d o u b l e ) 2 ) ) ) *  
( V j m - ( d o u b l e ) 2 * V [ j ] [ 0 ] + V j p ) - g [ j ] [ 0 ] *  
C V [ j ] [ 0 ] - U [ j ] [ 0 ] ) + ( I S ] / ( ( d o u b l e ) 2 * P I * a * d x ) ) ) ;
/ *  E s t i m a t e  a  new v a l u e  f o r  V * /
V l C j ] C l ] = V [ j ] [ 0 ] + d t * d V [ j ] [ 0 ] ;
}
w h i l e  ( ! c o n v _ c r i t _ m e t )  / *  R e p e a t  u n t i l  we c o n v e r g  on a  new V * /
{
f o r ( j = 0 ;  j < = J ;  j + + ){
/ *  C l a c u l a t e  r a t e  c o n s t a n t s  b a s e d  on e s t i m a t e d  V * /  
a n [ j ] [ l ] = T H I * ( ( d o u b l e ) 0 . 0 1 * ( - V l [ j ] [ l ] + ( d o u b l e ) 1 0 ) ) /  
( e x p ( ( - V l [ j ] [ l ] + ( d o u b l e ) 1 0 ) / ( d o u b l e ) 1 0 )
- ( d o u b l e ) l ) ;
b n [ j ] [ l ] = T H I * ( d o u b l e ) 0 . 1 2 5 * e x p ( - V l [ j ] [ l ] / ( d o u b l e ) 8 0 ) ;
a m [ j ] [ l ] = T H I * ( ( d o u b l e ) 0 . 1 * ( - V l [ j ] [ l ] + ( d o u b l e ) 2 5 ) ) /  
( e x p ( ( - V l [ j ] [ l ] + ( d o u b l e ) 2 5 ) / ( d o u b l e ) 1 0 )
- ( d o u b l e ) l ) ;
b m [ j ] [ l ] = T H I * ( d o u b l e ) 4 * e x p ( - V l [ j ] [ l ] / ( d o u b l e ) 1 8 ) ;
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a h [ j ] [ l ] = T H I * ( d o u b l e ) 0 . 0 7 * e x p C - V l [ j ] [ l ] / ( d o u b l e ) 2 0 ) ;  
b h [ j ] [ l ] = T H I * ( d o u b l e ) l / ( e x p C C C d o u b l e ) - V l [ j ] [ l ] + C d o u b l € )  
3 0 ) / ( d o u b l e ) 1 0 ) + ( d o u b l e ) l ) ;
/ *  C a l c u l a t e  n , m  & h b a s e d  on e s t i m a t e d  V * /  
n C j ] [ l ] = ( n [ j ] [ 0 ] + C d t / ( d o u b l e ) 2 ) * ( d n [ j ] [ 0 ] + a n [ j ] [ 1 ] ) ) /  
C C d o u b l e ) l + C d t / ( d o u b l e ) 2 ) * C a n C j ] [ l ] + b n [ j ] [ 1 ] ) ) ;
m [ j ] [ l ] = ( m [ j ] [ 0 ] + ( d t / ( d o u b l e ) 2 ) * ( d m [ j ] C 0 ] + a m [ j ] [ 1 ] ) ) /  
( ( d o u b l e ) l + ( d t / ( d o u b l e ) 2 ) * ( a m [ j ] [ l ] + b m [ j ] [ 1 ] ) ) ;
h [ j ] [ l ] = ( h [ j ] [ 0 ] + ( d t / ( d o u b l e ) 2 ) * ( d h [ j ] [ 0 ] + a h [ j ] [ l ] ) ) /  
C C d o u b l e ) l + ( d t / C d o u b l e ) 2 ) * C a h [ j ] [ l ] + b h [ j ] [ 1 ] ) ) ;
f o r  ( j = 0 ;  j < = J ;  ] + + )
{
/ *  C a l c u l a t e  c o n d u c t a n c e s  b a s e d  on e s t i m a t e d  V * /  
g K [ j ] [ l ] = g K _ * p o w ( n [ j ] [ 1 ] ,  ( d o u b l e ) 4 ) ; 
g N a [ j ] [ l ] = g N a _ * p o w ( m [ j ] [ 1 ] ,  ( d o u b l e ) 3 ) * h [ j ] [ l ] ; 
g L = g L _ ;
g [ j ] [ l ] = g K [ j ] [ l ] + g N a [ j ] [ l ] + g L ;
U [ j ] [ l ] = ( g K [ j ] [ l ] * V K + g N a [ j ] [ l ] * V N a + g L * V L ) / g [ j ] [ l ] ;
i f  C ( j = = 0 )  && ( t < T I S ) )  / * A p p l y  s t i m u l a t i o n  c u r r e n t  ? * /  
I S j = I S ;
e l s e
I S j = 0 . 0 ;
A [ j ]  [ l ] = ( C ( d o u b l e ) 2 * R * p o w ( d x ,  ( d o u b l e ) 2 ) ) / a ) * C C C  
( d o u b l e ) 2 * C ) / d t ) + g [ j ] [ l ] ) + ( d o u b l e ) 2 ;
B [ j ] [ l ] = ( C ( d o u b l e ) 2 * R * p o w ( d x ,  ( d o u b l e ) 2 ) ) / a ) * (
C * C ( ( d o u b l e ) 2 / d t ) * V [ j ] [ 0 ] + d V [ j ] [ 0 ] ) + g [ j ] [ l ] *
U [ j ] [ l ] + C I S j / ( ( d o u b l e ) 2 * P I * a * d x ) ) ) ;}
/ *  F i n d  new v a l u e s  f o r  V by s o l v i n g :
+ A [ 0 ] V [ 0 ] [ 1 ]  - 2 V [ 1 ] [ 1 ]  = B[ 0 ]
- V [ j - l ] [ l ]  + A [ j ] V [ j ] [ l ]  - V [ j ] [ l ]  = B [ j ]
- V [ J - 1 ] [ 1 ]  + A [ ] ] V [ J ] [ 1 ]  = B P ]
T h i s - a - w a y  : ..............................................  * /
G [ 0 ] = ( d o u b l e ) 2 / A [ 0 ] [ 1 ] ;
X [ 0 ] = B [ 0 ] [ 1 ] / A [ 0 ] [ 1 ] ;
f o r  ( j = l ;  j < = J ;  j + + ){
G [ j ] = ( d o u b l e ) l / ( A [ j ] [ l ] - G [ j - l ] ) ;
X [ j ] = G [ j ] * ( X [ j - l ] + B [ j ] [ l ] ) ;
}
V [ J ] [ 1 ] = X [ J ] ;
f o r  C j = P - i ) ;  j > = 0 ;  j - - )
V C j ] [ l ] = X [ j ] + G [ j ] * V [ j + l ] [ 1 ] ;
c o n v _ c r i t _ m e t = T R U E ; 
f o r  ( j = 0 ;  j c = J ;  j + + )
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{
/ *  Has i t  c o n v e r g e d  ? * /  
i f  ( f a b s ( V [ j ] [ l ] - V l [ ] ] [ ! ] )  > CONV.CRIT) 
c o n v _ c r i t _ m e t = F A L S E ;
/ *  I f  n o t ,  t h e n  u s e  new v a l u e  f o r  V a s  * /
/ *  an e s t i m a t e ,  a n d  r e p e a t . . . .  * /
V l [ j ] [ l ] = V [ ] ] [ l ] ;
/ *  Now w e ' v e  g o t  a new v a l u e  f o r  V, a l l  we n e e d  t o  do  b r f o r e  l e a v i n g  * /
/ *  i s  c a l c u l a t e  v a l u e s  o f  d n ,  dm & dh ( / d t )  f o r  u s e  n e x t  t i m e  * /
f o r  ( j = 0 ;  j < = J ;  j + + ){
d n [ j ] [ l ] = a n [ j ] [ l ] * ( l - n [ j ] [ l ] ) - b n [ j ] [ l ] * n [ j ] [ 1 ] ;  
d m [ j ] [ l ] = a m [ j ] [ l ] * ( l - m [ j ] [ l ] ) - b m [ j ] [ l ] * m [ j ] [ 1 ] ;  
d h [ j ] [ l ] = a h [ j ] [ l ] * ( l - h [ j ] [ l ] ) - b h [ j ] [ l ] * h [ j ] [ 1 ] ;
}
/ *  Mod. V e r s i o n  1 . 1  * /
/ *  P r i n t  o u t  Im v s  x ,  a t  t  == ? * /
i f  ( ( f l o a t ) t  == ( f l o a t ) 2 . 0 0 )
f o r  ( j = 0 ;  j < = j ;  j + + )
{ i f ( j = = 0 )
d u m m = V [ j + l ] [ 1 ] ;
e l s e
d u m m = V [ j - l ] [ l ] ; 
i f ( ] = = J )
d u m p = 0 . 0 ;
e l s e
d u m p = V [ j + l ] [ l ] ;
Im = ( ( a / ( ( d o u b l e ) 2 * R * p o w ( d x ,  ( d o u b l e ) 2 ) ) ) ) * ( d u m m -  
( d o u b l e ) 2 * V [ j ] [ l ] + d u m p ) ;
Im = ( d o u b l e ) 2 * P I * a * d x * I m ;  
p r i n t f ( " % d \ t % e \ n " , 2 * j ,  I m ) ;
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APPENDIX A4.
SPICE MODEL OF MICROPROBE AND SIGNAL PROCESSING
CIRCUITRY.
A m p l i f i e r  & b . p  f i l t e r w i t h 50Hz n o t c h  f i l t e r ;  V in  i:
* n o t c h  s e t t o  100Hz
* Power
VB l 1 0 9 * B a t t .  1
VB2 0 2 9 * B a t t ,  2
CD l 1 0 47U * D e c o u p l i n g  c a p s .
CD2 0 2 47U
* S o u r c e ;
*VIN 3 0 AC 1 0
* E l e c t r o d e M o d e l .
RSP 3 8 0 100K
RE 8 0 8 1 20 T
CE 8 0 8 1 1 9 P
RM 8 1 5 3K
CSH 5 0 1 . 8 P
* H e a d s t a g e amp.
RH l 6 0 2 k
RH2 7 6 1 8 k
RH3 5 0 47MEG
X I C H l 5 6 1 2 7 0 P A 1 2 1
* I n p u t b u f f e r
X IC IA 7 8 1 2 8 MC1458
* F i r s t HP f i l t e r  s t a g e
C l 8 9 0 . 1 U
R1 9 0 1 6  k
X IC IC 9 1 0 1 2 1 0  MC1458
* N o t c h f i l t e r  ( 5 0  Hz, a d j u s t a b l e )
RVl 1 0 1 1 15  k * T r i m  -  0 t o  50k
R2 1 1 1 2 4 6 4 k * R2 an d  R3
C2 1 0 13 0 . 1 U
C3 1 3 1 6 0 . 1 U
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C4 1 6 1 2 0 . 1 U
R4 13 1 4 I k
R5 15 1 6 6 0 . 4 k
RV2A 1 4 0 0 k * 0 t o  20k
RV2B 0 15 2 0 k * 20k-RV2A
* N o t c h f i l t e r b u f f e r amp
X IC 2 12 1 7 1 2 1 7 LF 3 5 1
* S p a r e b u f f e r
XIC3A 1 7 18 1 2 18 MC1458
* 2nd  HP f i l t e r ,  an d g a i n  s t a g e
C5 18 1 9 0 . 1 U
R6 1 9 0 1 0 k
R7 2 0 0 2 k
R8 2 1 2 0 1 8 k
XIC3B 1 9 2 0 1 2 2 1 MC1458
* LP f i l t e r , a n d  g a i n s t a g e
R9 2 1 22 2 k
C6 2 2 0 0 . 0 1 U
R10 2 3 0 2 k
R l l 2 4 2 3 1 8 k
XIC4A 22 23 1
* F i n a l g a i n c o n t r o l  / s t a g e
RV3A 2 4 25 7 . 8 1 k
RV3B 25 0 2 . 1 9 k
R12 2 6 0 2 k
R13 2 7 2 6 4 7 k
XIC4B 25 2 6 1
.TRAN 0 . 02m 8 .  8m
2 4
* 0 t o  10k
* 10k  -  RV3A
2 7
MC1458
MC1458
.OPTIONS POST
* 0PA121 OPERATIONAL AMPLIFIER "MACROMODEL" SUBCIRCUIT
* CREATED USING PARTS RELEASE 4 . 0 3  ON 1 0 / 1 5 / 9 0  AT 1 4 : 4 1
NOTICE: THE INFORMATION PROVIDED HEREIN I S  BELIEVED TO BE RELIABLE; 
HOWEVER; BURR-BROWN ASSUMES NO RESPONSIBILITY FOR INACCURACIES OR 
OMISSIONS. BURR-BROWN ASSUMES NO RESPONSIBILITY FOR THE USE OF THIS 
INFORMATION, AND ALL USE OF SUCH INFORMATION SHALL BE ENTIRELY AT 
THE USER'S OWN RISK. NO PATENT RIGHTS OR LICENSES TO ANY OF THE 
CIRCUITS DESCRIBED HEREIN ARE IMPLIED OR GRANTED TO ANY THIRD PARTY. 
BURR-BROWN DOES NOT AUTHORIZE OR WARRANT ANY BURR-BROWN PRODUCT FOR 
USE IN LIFE-SUPPORT DEVICES AND/OR SYSTEMS.
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*
*  CONNECTIONS: NON-INVERTING INPUT* 1 INVERTING INPUT* 1 1 POSITIVE POWER SUPPLY* 1 1 1 NEGATIVE POWER SUPPLY* ! 1 1 ! OUTPUT\ ] \ \ \
.SUBCKT 0PA121 1 2  3 4  5
Cl 11 12 7 2 . 7 9 E - 1 2
C2 6 7 4 0 0 . 0 E - 1 2
DC 5 53 DX
DE 54 5 DX
DLP 90 91 DX
DLN 92 90 DX
DP 4 3 DX
EGND 9 9 0 POLY(Z) ( 3 , 0 )  ( 4 , 0 )  0 . 5  .5
FB 7 99 P0LY(5)  VB VC VE VLP VLN 0 2 . 6 5 3 E 6
GA 6 0 11 12 5 . 0 2 7 E - 3
GCM 0 6 10  99  3 1 . 7 2 E - 9
ISS 3 10 DC 8 0 0 . 0 E - 6
HLIM 90 0 VLIM IK
J 1 11 2 10  JX
J2 12 1 10  JX
R2 6 9 1 0 0 . 0E3
RDI 4 11 1 9 8 . 9
RD2 4 12 1 9 8 . 9
ROI 8 5 25
R02 7 99 75
RP 3 4 1 2 . 0 0 E 3
RSS 10 99 2 5 0 . 0E3
VB 9 0 DC 0
VC 3 53 DC 3
VE 54 4 DC 3
VLIM 7 8 DC 0
VLP 91 0 DC 40
VLN 0 92 DC 40
3E6 3E6 3E6 -3E6
.MODEL DX D C I S = 8 0 0 . 0 E - 1 8 )
.MODEL JX P J F C I S = 5 0 0 . 0 E - 1 5  BETA=15. 7 9 E - 3  V T 0 = - 1 )  
.ENDS
* MC1458 o p e r a t i o n a l  a m p l i f i e r  " m a c r o m o d e l "  s u b c i r c u i t
* c r e a t e d  u s i n g  P a r t s  r e l e a s e  4 . 0 1  on 0 7 / 0 5 / 8 9  a t  0 9 : 0 9
* (REV N/A)
* c o n n e c t i o n s*****
n o n - i n v e r t i n g  i n p u t  
I i n v e r t i n g  i n p u t  
I I p o s i t i v e  pow er  s u p p l y  
i I I n e g a t i v e  pow er  s u p p l y  
I I I !  o u t p u t  
I I I I I 
. s u b c k t  MC1458 1 2  3 4  5
c l  11 12  4 . 6 6 4 E - 1 2
c2 6 7 2 0 . 0 0 E - 1 2
dc  5 53  dx
de 54  5 dx
d i p  90  9 1  dx
d i n  92  9 0  dx
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0 1 0 . 6 1 E 6  - 10 E 6  10E6 10E6 - 10 E6
dp 4 3 dx
egn d 99 0 p o l y ( 2 )  ( 3 , 0 )
f b 7 99  p o l y ( 5 )  vb  vc
g a 6 0 11 12 1 3 7 . 7 E - 6
gem 0 6 10  99  2 . 5 7 4 E - 9
i e e 10 4  dc 1 0 . 1 6 E - 6
h l i m 90 0 v l i m  IK
q l 11 2 13 qx
q2 12 1 14 qx
r2 6 9 1 0 0 . 0E3
r c l 3 11 7 .9 5 7 E 3
r c 2 3 12 7 . 9 5 7 E 3
r e l 13 10 2 . 7 4 0 E 3
r e 2 14 10 2 . 7 4 0 E 3
r e e 10 99  1 9 . 6 9 E 6
r o l 8 5 150
ro 2 7 99  150
rp 3 4  1 8 . 1 1 E 3
vb 9 0 dc 0
VC 3 53 d c  2 . 6 0 0
ve 54 4  d c  2 . 6 0 0
v l i m 7 8 dc  0
v l p 9 1 0  dc  25
v i n 0 92  dc 25
. m o d e l d x D ( I s = 8 0 0 . 0 E - 1 8 )
. m o d e l q x N P N ( I s = 8 0 0 . 0 E - 1 8
. e n d s
B f = 6 2 . 5 0 )
* LF351 o p e r a t i o n a l  a m p l i f i e r  " m a c r o m o d e l "  s u b c i r c u i t
* c r e a t e d  u s i n g  P a r t s  r e l e a s e  4 . 0 1  on  0 7 / 0 5 / 8 9  a t  0 8 : 1 9
* (REV N/A)
* c o n n e c t i o n s :  n o n - i n v e r t i n g  i n p u t
* I i n v e r t i n g  i n p u t
* I 1 p o s i t i v e  power  s u p p l y
* i l l  n e g a t i v e  power  s u p p l y
* I I  I I o u t p u t
* I I I I I
. s u b c k t  LF351  1 2  3 4  5*
c l 11 12 3 . 4 9 8 E - 1 2
c2 6 7 1 5 . 0 0 E - 1 2
dc 5 53 dx
de 54 5 dx
d i p 90 91 dx
d i n 92 90 dx
dp 4 3 dx
egnd 99 0 p o l y ( 2 )  ( 3 , 0 )
f b 7 99 p o l y ( 5 )  vb  VC
9 0 6 0 11 12 2 8 2 . 8 E - 6
gem 0 6 10 99  1 . 5 9 0 E - 9
i s s 3 10 dc  1 9 5 . 0 E - 6
h l i m 90 0 v l i m  IK
j l 11 2 10 j x
jZ 12 1 10 j xr2 6 9 1 0 0 . 0E3
r d l 4 11 3 . 5 3 6 E 3
rd 2 4 12 3 . 5 3 6 E 3
r o l 8 5 50
r o 2 7 99 25
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rp  3 4  1 5 . 0 0 E 3
r s s  10 99 1 . 0 2 6 E 6
vb  9 0 d c  0
VC 3 53 d c  2 . 2 0 0
v e  54  4  d c  2 . 2 0 0
v l i m  7 8 d c  0
v l p  91  0 d c  30
v i n  0  92  d c  30
. m o d e l  dx  D ( I s = 8 0 0 . 0 E - 1 8 )
. m o d e l  j x  P J F ( I s = 1 2 . 5 0 E - 1 2  B e t a = 2 5 0 . 1 E - 6  V t o = - l )
. e n d s
.END
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APPENDIX A5.
PLOTS FOR FIGURE 8.4
This appendix contains copies of the original plots that were presented as Fig 8.4.
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APPENDIX A6.
RESULTS DEMONSTRATING SELECTIVE RECORDING WITH A
MICROPROBE.
The plots reproduced in this appendix are the results of an experimental session on 8th 
November 1994. The recordings were made &om metathoracic nerve 5b of a locust, and signals 
were evoked by gently touching the femoral - tibial joint of the metathoracic leg. Triggering 
information has been removed from the right hand side of each plot and a vertical scale bar 
added. The scale bars are approximately 36p.V for channels 2 and 3, and 50p.V for channel 4 
(see chapter 8).
The recordings were made using probe 5, with five 8|Lim by 8|im sites arranged on the centre 
line of the shank. Channels 2 and 3 were 40|am apart, and channels 3 and 4 were 20|xm apart.
Each plot has been annotated with the time, and each trace with the channel number.
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4
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APPENDIX A7.
MODIFIED MICROPROBE FABRICATION SEQUENCES.
This appendix outlines two fabrication procedures modified to overcome the problems 
experienced with the procedure used in the present work. Version A.l is based on suggestions 
made by Dr G En sell (Southampton), and requires five masks. Version B.l requires six masks.
The two outlines have been submitted to Dr G EnseU for modifications and corrections.
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Fabrication procedure for microprobes.Version A.1 Danny Banks.29 December 1993.
1. Initialling Wafers (4” double sided polished).
2. RCA Clean.
3. Photolithography: Front alignment marks.
4. Photolithography: Back alignment marks.
5. Clean.
6. Deposit 1.5f  LPCVD oxide (front),
7. Densify Oxide (lOOOC 30 mins wet 02).
8. Photolithography mask - Boron Diffusion (front).
9. Wet etch 1.5|li LPCVD Oxide.
10. Strip resist, clean.
11. Boron diffusion. 1175C for as long as possible.
12. Plasma etch boron-glassy layer until removed.
13. Strip Oxide (BHF).
14. Deposit 1.5p LPCVD Oxide front and back.
15. Densify Oxide.
16. Deposit 1600Â LPCVD nitride both sides.
17. Photolithography: Outlines (front).
18. Dry etch 1600Â nitride, 1.5|ll Oxide (Front).
19. Photolithography: Holes (back).
20. Dry etch 1600Â nitride, 1.5)1 Oxide (Back).
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/^ rzzzZZZZZZZZl
21. Deposit A1 on front (5000Â ? evaporate ?) [for lift-off].
22. Photolithography: Metal (front).
23. Wet etch A1 to undercut resist.
24. Evaporate on 400Â Cr, 2500Â Au (front).
25. Lift off resist. Strip Al.
nTTiTTn J m
" C
26. Deposit 8000Â PECVD nitride (front) [This is 3000Â more than last time].
27. Spin resist onto back of wafer and bake (to protect the back during next etch step).
28. Photolithography: Vias (front).
29. Wet etch 8000Â PECVD nitride (HE).
30. Strip resist (front & back).
31. Deposit 2000Â PECVD nitride (front) [Estimate Si etches 0.7[l / min, PECVD nitride 
etches at 2Â / min - so there should be about 
570Â nitride left after KOH etching of a 500|li thick wafer].
32. Dip etch in BHF.
_ _
Modified Microprobe Fabrication Sequences.Appendix A7.
a .
33. Etch through wafer from back in KOH.
34. Wet etch 2000Â PECVD nitride (HP) [Must be sure to etch all the way through to electrode sites].
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Fabrication procedure for 
microprobes.Version B.l Danny Banks.29 December 1993.
1. Initialling wafers (4" double sided polished).
2. RCA clean.
3. Photolithography: Front alignment marks.
4. Photolithography: Back alignment marks.
5. Clean.
6. Deposit 1.5|a LPCVD oxide (front).
7. Densify oxide (lOOOC 30 mins wet 02).
8. Photolithography: Boron Diffusion (front).
9. Wet etch 1.5p LPCVD Oxide.
10. Strip resist, clean.
11. Boron diffusion. 1175C for as long as possible.
12. Plasma etch boron-glassy layer until removed.
13. Strip oxide (BHF).
14. Grow 700Â thermal oxide (both sides).
15. Deposit 5000Â LPCVD nitride (can 1 put more down ?).
16. Photolithography: Outlines (front).
17. Dry etch 5000Â nitride, 700Â oxide (front).
18. Photolithography. Holes (back).
19. Dry etch 5000Â nitride, 700Â oxide (back).
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______ 20. Deposit 1.9p LPCVD oxide (front). [Estimate Si etches at 0.7p. / min and densified oxide at 26.5Â / min - 500)1 thick wafer].
-F sr  ry% _tm ? 7 7 7 7 7 7 .
" E
" E
21. Densify Oxide.
22. Photolithography: Oxide Mask (front).
23. Dry etch 1.9|LI oxide.
24. Deposit Al on front (5000Â ? evaporate ?) [for lift-off].
25. Photolithography: Metal (front).
26. Wet etch Al to undercut resist.
27. Evaporate on 400Â Cr, 2500Â Au (front).
28. Lift off resist. Strip Al.
29. Deposit 5000Â PECVD nitride (front).
30. Spin resist onto back of wafer and bake (to protect back during next etch step).
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—I p.. 31. Photolithography: Vias (front).
32. Wet etch 5000Â PECVD nitride (HF).
33. Strip resist (front & back).
34. Dip etch in BHF.
35. Etch through wafer from back in KOH.
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APPENDIX A8. 
APPLICATIONS OF ACTIVE PERIPHERAL NERVE PROBES TO 
BRAIN RECORDING WORK.
It has been pointed out (Jaeger et. al., 1990) that microprobes are not suitable for recording data 
from deep brain structures, but can only record from neurons within a few millimetres of the 
surface of the brain. Recent microprobe developments include three dimensional arrays 
(Hoogerwerf & Wise, 1991), however there does not presently appear any effort to produce 
microprobes suitable for recording from deep brain structures.
The active probes discussed in section 9.5 for peripheral nerve recording work will be designed 
to have a minimum silicon area, notably a minimum carrier area. Fig A8.1 shows a diagram of a 
single shank active probe, with two bonding pads for a two wire bus positioned one behind the 
other. The circuit area has been minimised. The technology required to produce such a probe is 
the technology that is proposed for the fabrication of ideal peripheral nerve microprobes in 
section 9.5.
I/O Wires.
'Bonding Pads.
Recording sites.
Fig A8.I An active single shank microprobe with a two wire bus. Two glass insulated gold wires are ultrasonically bonded to the bonding pads. These joints and bonding pads are insulated by a thin layer of epoxy (or other suitable material). The circuitry takes a minimal area, and as 
far as possible is situated under the recording sites and bonding pads.
Appendix A8. Applications of Active Peripheral Nerve Probes to Brain Recording Work.
Palmer (1976) used polyethylene glycol to bond 37|_im diameter teflon insulated platinum 
iridium wire to a rigid tungsten harpoon (250jim diameter) with an etched tip. The structure 
could then be inserted into the cerebellum (to a depth of at least 10 to 12mm). The polyethylene 
glycol dissolved about 3 minutes after insertion of the structure, allowing the harpoon to be 
removed, but leaving the flexible platinum iridium wire electrodes in place for recording. This 
same technique could be adapted to insert active microprobes, like the one pictured in Fig A8.1, 
deeper into the brain than is possible at present. This would enable neurophysiologists to study 
activity of deep brain structures with the many accurately spaced recording sites provided by the 
microprobe technology.
As an alternative method, the pneumatic insertion techniques being developed for large arrays of 
silicon needles (Rousche & Normann, 1992), could perhaps be adapted to implant probes into 
the brain at varying depths.
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This bibliography is a brief list of text books, and other publications, that would be useful to 
anyone continuing this research or starting afresh in a similar area. Some of the references have 
been annotated with a brief comment about the work.
Basic textbooks:
P Horowitz, W Hill. 1989. “The Art of Electronics”, 2nd edn., Cambridge University Press.
GJ Tortora, NP Anagnostakos. 1990. “Principles of Anatomy and Physiology”, 6th edn.. 
Harper & Row.
Specialised texts:
Recording / neural prosthesis.
JA Stamford (ed.). 1992. “Monitoring Neuronal Activity: A Practical Approach”, IRL Press. 
Som e useful practical suggestions for extracellular recording work, 
particularly in chapter 1.
RF Thompson, MM Patterson (eds.). 1973. “Bioelectric Recording Techniques”, Part A, 
Academic Press.
S o m e useful introductory chapters on single and multiple unit 
recording (chapters 4, 6 & 8).
WF Agnew, DB McCreery (eds.). 1990. “Neural Prosthesis: Fundamental Studies”, Prentice 
Hall.
The em phasis in this work is placed on stimulation.
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Peripheral nerves.
S Sunderland. 1978. “Nerves and Nerve Injuries”, 2nd edn., Churchill Livingstone.
Detailed reference work relating to human peripheral nerves.
Anatomy / microanatomy of peripheral nerves is given in chapters 1 
and 2.
Modelling.
D Jung. 1981. “Nerve and Muscle Excitation”, 2nd edn., Sinauer Associates.
Introduction to quantitative modelling of the nerve fibre.
R Plonsey. 1969. “Bioelectric Phenomena”, McGraw-Hill.
Detailed mathematical treatment of various bioelectric phenomena.
Invertebrate neurobiologv.
RF Chapman. 1982. “The Insects: Structure and Function”, 3rd edn., Hodder and Stoughton. 
Includes an introduction to insect nervous system s (chapter 26).
TH Bullock, GA Horridge. 1965. “Structure and Function in the Nervous Systems of 
Invertebrates”, two volumes, WH Freeman and Company.
Detailed text. General microanatomy is summarised in chapter 2.
FO Albrecht. 1953. “The Anatomy of the Migratory Locust”, Athlone Press.
JG Thomas. 1963. “Dissection of the Locust”, H. F. & G. Witherby Ltd.
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JI Campbell. 1961. “The Anatomy of the Nervous System of the Mesothorax of Locusta 
Migratoria Migradorioides R. & R ”, Proc. Zool. Soc. Lond., 137, pp 403-432.
Microfabrication.
DV Morgan, K Board. 1985. “An Introduction to Semiconductor Microtechnology”, John 
Wiley & Sons.
JL Vossen, W Kern (eds.). 1978. “Thin Film Processes”, Academic Press.
Useful reference work with many tables outlining the etching of thin 
films, amongst other details on various processes.
US ITT. 1992. Notes from a short course on “Micromachining of Materials”, 25/26 March 
1992, University of Southampton.
Organised by the University of Southampton Institute of Transducer 
Technology.
SM Sze. 1988. “VLSI Technology”, 2nd edn., McGraw-Hill.
Not used  in the present work, however it is one of the standard VLSI 
texts, and so has been  included here.
274
_________________________________________________________________ Bibliography.
BIBLIOGRAPHY.
This bibliography lists the publications describing thin film microelectrodes that were collected 
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into four general groups; array type microelectrodes, probe type microelectrodes, regeneration 
electrodes, and a miscellaneous category. Array type microelectrodes are planar devices, with 
many small recording sites arrayed across them. These are generally designed to serve as the 
bottom of a cell culture dish so that the electrical activity of cultured cells (or cells placed onto 
the array) can be monitored, or cells may be electrically stimulated. Probe type microelectrodes 
are also planar devices and have the recording sites sited on long thin shanks which are inserted 
into the tissue under investigation. Regeneration electrodes are perforated devices. These are 
placed between the two ends of a severed peripheral nerve trunk, and electrical signals are 
recorded from nerve fibres which regenerate through the perforations (the fibres can also be 
electrically stimulated). The miscellaneous category is for devices that do not fall neatly into any 
of the other categories. Many of these miscellaneous devices are three dimensional rather than 
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ERRATUM
Page 29, 1 st pai'agraph, 2nd line:
“pk-pk” should read “peak to peak”.
Page 202, 3rd line:
“for this work” should read “for the further work proposed”.
UNIVERSITY OF SURREY LIBRARY
